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SECTION I 

SUMMARY 

The NASA/General Electric Experimental Quiet Engine Program was initiated 
in July 1969, with the following objectives: 

Development of engine noise reduction technology 

Demonstration in engine rests of the potential benefits that this 
technology would have on reducing future aircraft engine noise 

The Quiet Engines were physically sized in thrust output and in overall 
dimensions to be consistent with the propulsion systems of the older, large, 
four-engine aircraft of the civil transport fleet in operation at the time of 
initiation of the Experimental Quiet Engine Program. The noise goal of the 
program was the demonstration in engine tests of noise levels significantly 
lower (15-20 PNdB) than those of other engines. 

The scope of the program encompassed the following: 

Design, fabrication, testing, and evaluation of two full-scale low- 
tip-speed fans (A and B) and of one full-scale high-tip-speed fan 
(C) 0 

Design, fabrication, testing, and evaluation of a number of noise 
control features in scale model versions of Fans B and C. 

Design, fabrication, testing, and evaluation of two full-scale high- 
bypass-ratio turbofan engines (A and C) representing both high and 
low speed fan technology. 

Design, fabrication, testing, and analysis of two core exhaust 
treatment configurations for suppression of turbine noise in 
Engines A and C. 

Preliminary design studies of flight propulsion system concepts 
incorporating aerodynamic and acoustic technology features of the 
Experimental Quiet Engine Program Fans A and C, modem core engine 
technology and low pressure turbine designs, and application studies 
of these engines in a typical conventional takeoff and landing tri- 
jet transport to determine acoustics/economics tradeoffs. 

Determination of the impact on airplane economics of implementing 
the measures necessary to reduce propulsion system noise. 



The salient accomplishments of the program were as follows : 

0 Full-scale Fans A, E, and C were evaluated aerodynamically and * acoustically, to investigate the tradeoffs between fan tip speed 
and blade loading, and to provide systematic and detailed data on 
source noise characteristics and suppression effectiveness in 
conjunction with definitive aerodynamic characteristics, as well as 
to document high and low fan speed aero/acoustic technology t o  
enhance the understanding for future engine design. 

0 A high and low fan speed, scale model program (Fans B and C) provided 
new data, taken under controlled aero/acoustic conditions, in the 
following areas of technology investigation -- location, type, and 
amount of acoustic treatment (B, C); casing tip bleed (B); serrated 
rotor blades (B); variable pitch rotor blades (B);  leaned outlet 
guide vanes (B, C); slotted tip casing (C); rotor blade modifications 
(C); and inlet noise suppression (C). 

0 The engine test program provided important new data to improve 
understanding of noise reduction techniques through systematic 
evaluation of aerodynamic and acoustic effects. 

0 Application of Experimental Quiet Engine Program technology offers 
the following potential noise reductions relative to older four-engine 
aircraft and to FAR Part 36**: 

Configuration 

Low speed engine with 
duct wall treatment 

Low speed engine 
with full suppression 

Reduct ion from 
Older Four- Reduction from 
Engine Aircraft FAR-36 

20 EPNdB*** 8 EPNdB 

25 EPNdB 13 EPNdB 

High speed engine with 
duct wall treatment and 
aft splitter 20 EPNdB 

High speed engine 
with full suppression 24 EPNdB 

8 EPNdB 

12 EPNdB 

*Aerodynamic testing of the full-scale fans was conducted in the General 
Electric Lynn Compressor Test Facility. 
was conducted in the Quiet Fan Facility at the NASA-Lewis Research Center. 

Acoustic testing of the fans 

**Federal Aviation Regulations, Part 3 6 ,  December 1969. 
***Effective Perceived Noise in Decibels. 
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0 The turbine noise suppression program provided methodology for 
acoustic treatment design and noise suppression prediction for jet 
engine turbines, identification of metallic and other treatment 
materials for potential use in core exhaust suppression, and techniques 
for measurement of turbine noise suppression. 

0 Preliminary design studies of two flight engines in a modern tri-jet 
transport aircraft showed that aircraft powered by either high or 
low fan speed flight engines could comply with FAR-36 requirements 
in treated-wall nacelle configurations, and would yield noise levels 
significantly below FAR-36 with fully suppressed nacelles. The 
economic penalties associated with the maximum feasible noise 
reductions (fully suppressed nacelles) were significant. At full- 
power, take-off noise levels between FAR-36 and FAR-36 minus 5 EPNdB, 
high speed fan engines in treated-wall nacelles appeared to be the 
most economically attractive. For noise levels below approximately 
FAR-36 minus 5 EPNdB to FAR-36 minus 7 EPNdB, the low speed fan 
engine appeared more economically attractive. However, technology 
being developed since the conduct of the preliminary flight engine 
design study and future developments may change the above relation- 
ships. 

The results of the Experimental Quiet Engine Program have far-reaching 
significance in a number of areas. Engine noise control technology has been 
developed and demonstrated which will be useful in the quest for lower noise 
levels in aircraft of the future, so that further amelioration of the airport 
community noise problem can be effected. 
methods for prediction of noise generation, evaluation of noise reduction 
features, and understanding of noise generation and suppression mechanisms 
of various engine noise sources. The tradeoffs between fan tip speed and 
blade loading for quiet engines have been evaluated. The foundation has been 
laid for further turbine noise reduction technology by demonstration of 
effective high temperature core exhaust nozzle acoustic treatment. The 
demonstration that a high inlet flow Mach number combined with wall acoustic 
treatment can provide suppression equivalent to that of multiple-splitter 
inlets will be of significance in future inlet noise control design. The 
investigation of the effect of blade shape modifications on the high-tip-speed 
Fan C provided technology allowing important tradeoffs between aerodynamic 
design/performance and generated noise level. 
and demonstrated on the effects on noise radiation of types, location, and 
amount of acoustic treatment. 

Improvements have been made in 

Technology has been developed 

3 



SECTION I1 

INTRODUCTION 

A. BACKGROUND 

I n  Ju ly  1969, the General E l e c t r i c  Company, under con t r ac t  t o  NASA, com- 
menced work on the  Experimental Quiet Engine Program wi th  the  ob jec t ive  of 
developing engine noise  reduct ion technology and demonstrating i n  engine tests 
the  in t eg ra t ed  impact of t h i s  technology on reduct ion of noise .  A f u r t h e r  ob- 
j e c t i v e  w a s  t o  determine the  impact on a i rp l ane  economics r e s u l t i n g  from t h e  
noise  con t ro l  measures required.  During the  Experimental Quiet Engine program, 
a parallel  e f f o r t  was conducted under cont rac t  f o r  NASA by the  Boeing Company, 
providing an acous t i ca l ly  t r e a t e d ,  f l i gh t - type  n a c e l l e  f o r  t e s t i n g  on Qu ie t  
Engine A a t  NASA, as p a r t  of t he  NASA in-house program. 
has been conducted on both Engines A and C ,  and t h i s  work .'a continuing. 

Addit ional  NASA t e s t i n g  

B. SCOPE OF THE EXPERIMENTAL QUIET ENGINE PROGRAM 

The Experimental Quiet Engine Program had the  purpose of providing the  
design,  f a b r i c a t i o n ,  and demonstration t e s t i n g  of engines designed with low 
noise  production as the  primary conf igura t iona l  cons t r a in t .  The design w a s  
tempered by the  add i t iona l  requirements f o r  reasonable s i z e ,  weight,  and 
opera t ing  economy. The engines were phys ica l ly  s i zed  f o r  t r anspor t s  which 
were i n  the  commercial t r anspor t  f l e e t  a t  the  t i m e  of i n i t i a t i o n  of t he  
Experimental Quiet  Engine Program. 

A f u r t h e r  purpose w a s  t o  demonstrate no ise  reduct ion technology (by experi-  
mental t e s t i n g  of the  engines) which, i n  f u t u r e  app l i ca t ions ,  would provide 
engines s i g n i f i c a n t l y  qu ie t e r  i n  operat ion than the  engines powering the  o lde r ,  
l a rge  four-engine commercial t r anspor t  a i r c r a f t  as w e l l  as the  engines which 
would power the  new a i r c r a f t  fo recas t  f o r  opera t iona l  service i n  the  years  a f t e r  
1969. Since t h e  purpose w a s  
demonstration of those f ea tu res  which reduce engine noise  i n  ope ra t iona l  engine 
systems, c e r t a i n  s t r u c t u r e s ,  components, and accessor ies  not r e l a t e d  t o  no i se  
w e r e  not optimized i n  the  i n t e r e s t  of cos t  A d  a v a i l a b i l i t y .  
did not i n t e r f e r e  with the  at ta inment  of program objec t ives .  

The research engines were'experimental  i n  na ture .  

Such compromises 

Although the  i n i t i a l  p r i n c i p a l  t h r u s t  of the  program w a s  d i r e c t e d  t o  t h e  
fan components as the  p r i n c i p a l  no i se  sources  of t he  engines ,  i t  w a s  recognized 
t h a t  the  turb ine  components would become important no i se  sources when fan noise  
w a s  suppressed. 
t h e  program. 

Accordingly, a turb ine  no i se  suppression e f f o r t  w a s  added t o  

A s  d e t a i l e d  below, the  scope of the  program encompassed the following 
elements : 

4 



0 Design, f a b r i c a t i o n ,  t e s t i n g ,  and ana lya i s  of two f u l l - s c a l e  low-tip- 
speed f ans  (A and B) and of one f u l l - s c a l e  high-tip-speed f an  (C). 

0 Design, f a b r i c a t i o n ,  t e s t i n g ,  and a n a l y s i s  of n o i s e  c o n t r o l  f e a t u r e s  
i n  scale model ve r s ions  of Fans B and C.  

0 Design, f a b r i c a t i o n ,  t e s t i n g ,  and a n a l y s i s  of two f u l l - s c a l e  high- 
bypass-rat io  turbofan engines (A and C) designed t o  employ Fans A and 
C. 

0 Design, f a b r i c a t i o n ,  t e s t i n g ,  and a n a l y s i s  of two co re  exhaust treat- 
ment conf igura t ions  f o r  suppression of t u rb ine  no i se  i n  Engines A and 
C. 

@ Prel iminary design s t u d i e s  of two high-bypass-ratio turbofan  f l i g h t  
engines incorpora t ing  t h e  b a s i c  no i se  reduct ion  and aerodynamic 
technology f e a t u r e s  of t h e  Experimental Quiet Engine Program Fans A 
and C ,  modern core engine technology, and low p res su re  tu rb ine  d e s i m s  
s i z e d  t o  produce 22,000 l b  (97,900 N) SLS t h r u s t ,  and a p p l i c a t i o n  
s t u d i e s  of t hese  engines i n  a t y p i c a l  CTOL tri-jet t r a n s p o r t  t o  
determine acous t i c s / a i rp l ane  economics t r adeof f s .  

F igure  1 presen t s  an o v e r a l l  schedule and o u t l i n e  of the major elements 
of t he  Experimental Quiet Engine Program. 

The Phase I design e f f o r t  e n t a i l e d  a six-month e f f o r t  f o r  d e f i n i t i o n  of 
f u l l - s c a l e  f a n s ,  scale model f ans  and engine designs,  and order ing  of long-lead- 
t i m e  hardware. 

I n  t h e  f u l l - s c a l e  fan program, two low speed fans (A and B) and one high 
speed fan (C) were designed and f a b r i c a t e d ,  and aero/mechanical t e s t i n g  w a s  
conducted at the.GE-Lynn Ful l - sca le  Fan T e s t  F a c i l i t y .  
shipped t o  NASA f o r  acous t i c  eva lua t ion  t o  i n v e s t i g a t e  the t r a d e o f f s  between f an  
t i p  speed and blade loading, as w e l l  as t h e  e f f e c t s  of numbers of blades.  

Each fan w a s  subsequently 

The ha l f - sca l e  fan program evaluated a number of concepts f o r  source n o i s e  
reduction, as w e l l  as acous t i c  t rea tment ,  using s c a l e  model Fans B and C. While 
t h e  primary emphasis-was d i r e c t e d  t o  acous t i c  i n v e s t i g a t i o n s ,  aerodynamic evalu- 
a t i o n  of t h e  acous t i c  concepts w a s  e s s e n t i a l .  Concepts eva lua ted  were as 
follows : 

e The e f f e c t s  on a c o u s t i c  and aerodynamic c h a r a c t e r i s t i c s  of l o c a t i o n ,  
type,  and amount of acous t i c  treatment wi th  ha l f - sca l e  Fans B and C. 

0 The e f f e c t s  o f  i n l e t  casing t i p  bleed, s e r r a t e d  r o t o r  b lades ,  leaned 
o u t l e t  guide vanes, and v a r i a b l e  p i t c h  r o t o r  b lades  wi th  ha l f - sca l e  
Fan B. 

0 The e f f e c t s  of leaned o u t l e t  guide vanes, s l o t s  i n  t h e  cas ing  over 
t h e  fan r o t o r  blade t i p s ,  v a r i a t i o n s  i n  r o t o r  b lade  p r o f i l e  shapes,  
and a series of i n l e t  suppression conf igura t ions  ( inc luding  acous- 
t i c a l l y  t r e a t e d  s p l i t t e r s  and high t h r o a t  Mach numbers) wi th  ha l f -  
scale Fan C. 
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The engine program e n t a i l e d  design,  f ab r i ca t ion ,  and t e s t i n g  of t w o  f u l l -  
s c a l e  engines - Engine A (low-tip-speed fan> and Engine C (high-tip-speed f an ) .  
Each engine w a s  evaluated acous t i ca l ly  and for r e l a t e d  aero/thermodynamic per- 
formance c h a r a c t e r i s t i c s  a t  t h e  Peebles,  Ohio test f a c i l i t y .  A v a r i e t y  of 
suppression concepts w a s  also evaluated on each engine.  Suppression concepts 
evaluated on Engine A included a c o u s t i c a l l y  t r e a t e d  fan i n l e t  and exhaust duct 
s p l i t t e r s ,  core  engine exhaust duct t reatment ,  v a r i a t i o n s  i n  i n l e t  duct length ,  
t h i c k  l i p  in le t  and t h i n  l i p ,  blow-in door i n l e t ,  acous t i ca l ly  wrapped external 
casings,  and var ious combinations of these.  Suppression concepts evaluated on 
Engine C included acous t i ca l ly  t r e a t e d  fan i n l e t  and exhaust duc t  s p l i t t e r s ,  
core  engine exhaust duct t reatment ,  v a r i a t i o n s  i n  i n l e t  duct length ,  mul t ip le  
pure tone i n l e t  t reatment ,  coplanar exhaust nozzles ,  and var ious  combinations 
of these.  

In  the  turb ine  noise  suppression programs, high temperature acous t i c  treat- 
ment w a s  developed f o r  t he  core engine exhausts of Engines A and C. Spec ia l  
tests were performed on both engines t o  eva lua te  turb ine  noise  suppression. 

The f l i g h t  engine design s tudy comprised d e f i n i t i o n  of prel iminary designs 
of high and low fan  speed, high-bypass-ratio turbofan engines,  based on t h e  
technology developed during the  Experimental Quiet Engine Program. The two 
preliminary design engines were appl ied t o  a t y p i c a l  CTOL tri-jet t r anspor t  
a i r c r a f t  t o  eva lua te  noise /a i rp lane  economics t r adeof f s .  

The purpose of t h i s  repor t  is t o  summarize the most important r e s u l t s  of 
t he  Experimental Quiet Engine Program, while providing re ferences  f o r  more 
complete d e t a i l s  of design and test r e s u l t s .  

7 



SECTION 111 

ENGINE AND COMPONENT DESIGN 

A. DESIGN OBJECTIVES 

The design e f f o r t  encompassed the  design of t h r e e  fu l l - s ca l e  fans ,  each 
containing low-noise design f e a t u r e s .  The t h r e e  fan  designs spanned a range 
of t i p  speed and aerodynamic loading of i n t e r e s t  and, with t h e  TF39/CF6 core  
and se l ec t ed  low pressure  turb ines ,  provided t h r e e  poss ib l e  bypass f an  engine 
designs.  
a r e l i a b l e  gas generator .  

The TF39/CF6 core w a s  s e l ec t ed  t o  provide both minimal r i s k  and 

Based upon prel iminary engine cycle  analyses ,  the  th ree  fan designs were 
se l ec t ed  with pressure  r a t i o s  of 1.5 f o r  Fans A and B and 1.6 f o r  Fan C. 

The fans were designed f o r  maximum in t e rchangeab i l i t y  or components be- 
tween the  General Electric-Lynn fu l l - sca l e  fan test f a c i l i t y ,  t h e  NASA-Lewis 
Acoustics F a c i l i t y ,  and t h e  fu l l - s ca l e  experimental  engines.  

The low pressure  turb ine  designs were se l ec t ed  t o  match t h e  fan  require-  
ments. The f i r s t  four  s t ages  of t he  f ive-s tage CF6 low pressure  tu rb ine  w e r e  
designed t o  d r ive  Fans A and B. 
w a s  s e l e c t e d  f o r  Fan C. 

A new high-loading, low pressure  t u r b i s e  design 

I n l e t s  s e l ec t ed  f o r  t e s t i n g  included s tandard re ference  bellmouths as 
w e l l  as two f l igh t - type  inlets  ( t h i c k  l i p  and t h i n  l i p  types) .  The in le t  
and exhaust systems were aerodynamically designed t o  be r ep resen ta t ive  of 
t y p i c a l  a i r c r a f t  app l i ca t ions .  

This s e c t i o n  of t h i s  repor t  summarizes engine and component design of 
Phase I of the  o v e r a l l  program, and accordingly,  provides design i n t e n t .  F u l l  
d e t a i l s  of t h e  design are given i n  References 1 and 2, inc luding  drawings 
and hardware photographs. Subsequent modif icat ions t o  fans ,  such as acous t i c  
t reatment  conf igura t ions ,  are discussed i n  Sect ion I V  of t h i s  r epor t .  

Figures  2 and 3,  respec t ive ly ,  show c ross  sec t ions  of Quiet Engines A 
and C. The opt ions f o r  s e l e c t i n g  the  two engines were kept  open u n t i l  aero- 
dynamic and acous t i c  eva lua t ion  of t he  th ree  fans w a s  completed. Designs 
w e r e  completed f o r  Engines A, B and C,  and A and C w e r e  f i n a l l y  se l ec t ed  
f o r  cons t ruc t ion  to  provide one high and one low speed fan experimental  engine. 
The fu l l - sca l e  f an  performance t e s t i n g  (See Sect ion 1V.A.l.a) showed t h a t  
Fan A had t h e  h ighes t  performance of the  th ree  fans.  The fu l l - sca l e  f an  
acous t i c  t e s t i n g  (See Sect ion I.V.A.l.b) showed t h a t  Fan A had a s l i g h t  
acous t i c  advantage [lower 200-foot (61-m) s i d e l i n e  maximum PNL's i n  t he  
dominant a f t  quadrant] over Fan B. 
b a s i s  f o r  the  low-fan-tip-speed engine. 
fan-tip-speed engine. Figures 4 and 5 show t h e  r e s u l t i n g  engine hardware. 
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Fan C provided the  b a s i s  f o r  t h e  high- 
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B. FAN DESIGN 

1. Fan Acoustic Design 

a. Basic Fan D e s i g n  Considerat ions 

Ana ly t i ca l  s t u d i e s  have s h a m  t h a t ,  by reducing t h e  fan aerodynamic loading ,  
a s i g n i f i c a n t  reduct ion  i n  b lade  pass ing  frequency n o i s e  can be obtained (See 
Reference 3) .  
and inc reas ing  fan s i z e  i n  order t o  maintain t h r u s t ,  o r  by inc reas ing  f an  t i p  
speed while maintaining t h e  same design pressure  r a t i o .  The former method re- 
q u i r e s  a l a r g e r  diameter n a c e l l e  f o r  a given t h r u s t  level, but  provides an in- 
he ren t ly  lower no i se  source. The latter method permits a smaller diameter 
n a c e l l e  and a lower number of low p res su re  tu rb ine  s t a g e s  f o r  a given t h r u s t  
l e v e l .  

The lower loading can be achieved by lowering fan  p res su re  r a t i o  

The increased t i p  speed does inc rease  broadband no i se  genera t ion  and does 
accentua te  the  supersonic phenomenon of mul t ip l e  pure tones (MPT's). The 
MPT's a r e  known t o  occur when the  fan r o t o r  t i p  r e l a t i v e  Mach number exceeds 
uni ty .  MPT-dominated frequencies are c h a r a c t e r i s t i c a l l y  w e l l  below t h e  blade 
passing frequency and at mul t ip l e s  of t h e  s h a f t  r evo lu t ions  of t h e  fan  r o t o r .  
These tones may be con t ro l l ed  by keeping t h e i r  frequency low ( i . e . ,  i n  t h e  
low-annoyance frequency range). This i s  b e s t  achieved by keeping blade number 
and/or fan r o t o r  rpm as low as poss ib l e .  
p ressure  r a t i o ,  fan s i z e ,  and t i p  speed, a v i a b l e  low no i se  fan design can 
be obtained based on e i t h e r  low o r  high t i p  speed. 

Thus, by jud ic ious  s e l e c t i o n  of fan  

Two b a s i c  fan designs were s e l e c t e d  f o r  the Experimental Quiet Engine 
Program; one at a design t i p  speed of 1160 f t / s e c  (353.6 m/sec) and another 
a t  1550 f t / s e c  (472.4 m/sec), with each engine developing 4900 pounds (21,800 N)  
of t h r u s t  at t h e  a l t i t u d e  c r u i s e  design point .  

b. Blade Row Spacing 

Both a n a l y t i c a l  and experimental s t u d i e s  have shown the advantages of wide 
rotor/OGV spacing i n  producing low no i se  fans.  Thus, it is known t h a t  t h e r e  is 
considerable gain i n  going t o  2.0-rotor aerodynamic chord spac ing ,  wi th  a 
diminishing ga in  beyond 2.0 chords (See Reference 4 ) .  
obtained i n  going beyond two-chord spacing and the  mechanical problems r e s u l t i n g  
from such wide spacing, a l l  t h ree  fans were designed t o  have t h e i r  r o t o r / s t a t o r  
spacing set at two r o t o r  aerodynamic chords. 

Due t o  t h e  small ga in  

c. Vane and Blade Number Se lec t ion  

The s e l e c t i o n  of t h e  number of b lades  and vanes is i n t i m a t e l y  connected 
with both no i se  generation and i t s  psychoacoustic e f f e c t s .  
blades and t h e  r o t a t i o n a l  speed of t he  fan  determine the  blade pass ing  f r e -  
quency and i ts  harmonics. Therefore,  one of t h e  design cons idera t ions  w a s  t o  
place t h e - p u r e  tones i n  frequency bands where annoyance l e v e l s  are low. The 
r a t i o  of t h e  number of blades and vanes has been shown t o  have an apprec iab le  

The number of 
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effect on the pure tone noise levels. 
excess of two permits a lower noise design. 
result in still lower noise; however, there is a diminishing return, and serious 
aeromecbanical design problems arise when excessively high vane numbers are 
employed (See Reference 5). 
was selected at 2.25 for Fan A and at 2.31 for Fans B and C. 

In general, a vanelblade ratio in 
Higher vane/blade ratios can 

Accordingly, the ratio of n-bers of vanes to blades 

2. Acoustic Treatment Design 

Fan frame acoustic treatment was designed for placement in the Experimental 
Quiet Engine fan flow passages and in the inlet of the core engine compressor 
passage. In each case, it was desired to have a broadband absorption character- 
istic (at both approach and take-off power settings) centered at different peak 
frequencies. Therefore, a multiple-degree-of-freedom resonator treatment was 
selected. Reference 1 gives full information on the, acoustic treatment design. 
Sections IV and V of this report discuss use of acoustic treatment in the fan and 
engine test programs. 

3 .  Fan Aerodynamic Design 

The aerodynamic design point for the three fans was selected at the alti- 
tude cruise condition, 0.82 Mach number at an altitude of 35,000 feet (10.67 km). 
This selection reflects the desire to maximize fan efficiency at the flight 
condition where the majority of the fuel would be consumed. 
design point characteristics for the three fans are presented in Table I. 

Aerodynamic 

Table I. Design Characteristics for Fans A, B, and C. 

Tip Diameter, in. 
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The design r o t o r  t i p  r e l a t i v e  Mach number w a s  supersonic f o r  a l l  t h r e e  
fans.  
based on p a s t  experience,  minimized excessive shock l o s s e s  on t h e  s u c t i o n  
su r face  and s t i l l  w e r e  compatible from a t h r o a t  area and energy add i t ion  
s tandpoin t .  The b lade  meanline shapes and po in t s  of maximum th ickness  va r i ed  
r a d i a l l y  and w e r e  blended t o  shapes t h a t  are similar t o  a double c i r c u l a r  arc 
p r o f i l e  i n  t h e  hub region. 
similar i n  appearance t o  the NASA mult ip le -c i rcu lar  arc p r o f i l e s .  

I n  t h e  supersonic region the r o t o r  b lades  employed p r o f i l e  shapes which, 

P r o f i l e  shapes at o the r  r a d i i  w e r e  gene ra l ly  

The p r o f i l e  shapes f o r  t h e  bypass OGV's  which ope ra t e  at moderate con- 
d i t i o n s  of i n l e t  Mach number and d i f f u s i o n  f a c t o r ,  w e r e  designed wi th  a modi- 
f i e d  NASA 65-series- th ickness  d i s t r i b u t i o n  on a c i r c u l a r  arc meanline. I n  
t h e  case of t h e  core,  Fan A O G V ' s  incorporated t h e  same b a s i c  a i r f o i l  series. 
Fan B and Fan C core  OGV's ,  which operate i n  a r e l a t i v e l y  high i n l e t  Mach 
number environment when considering the turn ing  requirement and d i f f u s i o n  
f a c t o r  l e v e l ,  employed a tandem vane row wherein the  p r o f i l e  shapes were 
s p e c i f i c a l l y  t a i l o r e d  t o  minimize suc t ion  su r face  Mach numbers and, t he re fo re ,  
prevent shock l o s s e s  and minimize d i f f u s i o n  l o s s e s .  

Addit ional  information on the  d e t a i l s  of the  fan  designs is contained i n  
Reference 1. 

4 .  Fan Mechanical Design 

The bas i c  design f e a t u r e s  of t h e  three fans are as follows: 

e Fan A - Low t i p  speed, high aspect r a t i o ,  40 tip-shrouded b lades  

0 Fan B - Low t i p  speed, low aspect r a t i o ,  26 can t i l eve red  blades 

e Fan C - High t i p  speed, high aspect r a t i o ,  26 b lades  with a mid- 
span shroud* 

Figures 6, 7 and 8 show the  t h r e e  f u l l - s c a l e  fan r o t o r s .  Additional 
information on t h e  fan mechanical designs is given i n  Reference 1. 

C. CORE ENGINE DESIGN 

1. Basis of Core Engine D e s i g n  

The core  engine o r  bas i c  gas generator f o r  t he  th ree  poss ib l e  engines of 
the program w a s  r ep resen ta t ive  of t h e  proven core  used i n  t h e  General E l e c t r i c  
TF39 and CF6 turbofan engines. The core engine w a s  a c t u a l l y  oversized f o r  t h i s  
app l i ca t ion ,  and t h i s  w a s  done t o  minimize r i s k  without  compromising t h e  r e s u l t s .  

* A s  p a r t  of t he  performance eva lua t ion ,  the ou te r  blade panels w e r e  recambered 
and t h e  r e s u l t i n g  conf igura t ion  i ssued  as "Mod I". 
also i s sued ,  i n  which t h e  mid-span dampers w e r e  removed and a d d i t i o n a l  b lade  
reshaping w a s  incorporated.  

A "Mod 11" conf igura t ion  w a s  

This conf igura t ion  is shown i n  Figure 8. 
15 
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Figure  7. F u l l - S c a l e  Fan Rotor B. 
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Figure 8.  F u l l - s c a l e  Fan Rotor C .  
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2 .  Compressor Design 

The TF39/CF6 compressor provided the  e f f i c i ency ,  s tall  margin, and d is -  
t o r t i o n  to le rance  required f o r  the  experimental  engines employed i n  t h i s  program. 
It w a s  a single-spool,  16-stage, va r i ab le  s t a t o r  design of 17.5 pressure  ratio 
and a nominal design cor rec ted  a i r f low of 142.5 l b / s e c  (64.6 kg/sec) (See 
Figure 9) .  

3. Combustor Design 

The combustor was the  CF6 commercial engine low smoke combustor with 
minor modif icat ion of t he  f u e l  nozzles  t o  r e f l e c t  the  reduced f u e l  flow 
requirements (See Figure l o ) .  

4. High Pressure Turbine Design 

The two-stage high pressure  turb ine  w a s  similar t o  the  design used i n  t h e  
TF39 and CF6 engines,  except f o r  d i f f e rences  due t o  the  lower temperature and 
lower pressure  l e v e l s  of t he  Quiet Engine (See Figure 11) .  

D .  LOW PRESSURE TURBINE DESIGN 

1. Engines A and B 

The Engines A and B low pressure  turb ine  r o t o r  used the  f i r s t  four  s t ages  
of the  CF6 f ive-s tage low pressure  turb ine  ro to r .  The turb ine  aerodynamic 
design requirements were determined by the  power and speed requirements of 
t he  fan and by the  need t o  hold a r e l a t i v e l y  low t i p  diameter t o  obta in  an 
optimum b o a t t a i l  angle on the  cowl a f t  of the  fan discharge.  Coupled with 
t h i s  w a s  a high e f f i c i ency  l e v e l  f o r  engine cycle  matching, 
a low-tip-speed turb ine ,  u t i l i z i n g  4 s tages  f o r  optimum power e x t r a c t i o n  and 
e f f i c i ency .  The turb ine  was derived by removing the  last s t age  from the  
5-stage CF6 LP turb ine  which, i n  conjunction with flow area changes, produced 
a low s t age  loading which, toge ther  with the  r e l a t i v e l y  low t i p  speed, 
r e su l t ed  i n  an inherent ly  low-stressed and e f f i c i e n t  design (See Figure 12) .  

The r e s u l t  w a s  

2. Engine C 

The Engine C low pressure  turb ine  was a new two-stage design. The turb ine  
aerodynamic design requirements were determined by t h e  power and speed require-  
ment of Fan C and by the  design i n t e n t  t o  minimize the  r a d i a l  o f f s e t  of t h e  
flowpath between the  HP and LP turb ines  such as found i n  Engines A and B. 
Aerodynamic d e t a i l s  were se l ec t ed  t o  provide a high e f f i c i e n c y  l e v e l  f o r  bes t  
engine cyc le  matching. The r e s u l t  w a s  a well-balanced, low-tip-speed, two- 
s t age  turb ine .  
and an o v e r a l l  average turb ine  loading of 1.035. The ex i t  Mach number w a s  set 
a t  0.406, which w a s  cons i s t en t  with cur ren t  design p r a c t i c e ,  with an ex i t  
s w i r l  angle  of about one degree a t  design (See Figure 13).  

This r e su l t ed  i n  a p i t c h  loading on the  f i r s t  s t a g e  of 1.47 

The low pressure  tu rb ine  design da ta  f o r  Fan C at  the SLS maximum-power 
operat ing condi t ion are shown i n  Table 11. Mechanical design cons idera t ions  
are given i n  Reference 1. 

19 



20 



Figure 10. Combustor. 
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Figure 11. High Pressure Turbine Rotor. 
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Figure 12. Low Pressure Turbine Rotor A. 
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Figure 13. Low Pressure Turbine Rotor C. 
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E. ENGINE SYSTEM 

1. Engine Cycle Performance 

This s e c t i o n  summarizes o v e r a l l  Engine A,  B, q d  C performance da ta ,  based 
on : 

0 Ful l - sca le  fan test r e s u l t s  of Fans A, B ,  and C 

0 Predicted low pressure  turb ine  performance maps determined under 
Phase I of t he  Experimental Q u i e t  Engine design 

0 Measured core engine performance 

0 SLS t e s t i n g  of Engines A and C 

Performance da ta  are shown i n  Table 111. Fan duct pressure  losses 
rep resen ta t ive  of pred ic ted  values  and t a i l p i p e  pressure  l o s s e s  subs t an t i a t ed  
by test on Engine A are included. 
Btu/ lb  (42,800 joules /kg) .  Bleed a i r f low and power ex t r ac t ion  are not  
represented i n  the  base da t a  shown. 

The f u e l  hea t ing  value used w a s  18,400 

The t h r e e  engines w e r e  s i zed  f o r  4900 pounds (21,800 N) t h r u s t  a t  t h e  
engine design po in t ,  Mach 0.82, 35,000 f e e t  (10,668 m). Fans A and B had 
approximately the  same fan pressure  ratio and a i r f low a t  t h i s  f l i g h t  condi t ion.  
Fan C ,  which had a higher  fan pressure  r a t i o  commensurate with its higher  
fan t i p  ve loc i ty ,  was s i zed  f o r  a smaller a i r f low.  A t  the  design poin t ,  t he  
d i f f e rence  i n  s p e c i f i c  f u e l  consumption w a s  less than 3 po in t s ,  with the  
Fan A cycle  having the  lowest l e v e l  at the  c ru i se  condi t ion.  The low core 
exhaust nozzle pressure  ratio and exhaust ve loc i ty  of Engine C w a s  a d i r e c t  
r e s u l t  of increas ing  the  core exhaust nozzle area, inherent  i n  t h e  design 
of t h i s  engine. 

With the  engines s ized  a t  the  Mach 0.82, 35,000-foot (10,668-m) f l i g h t  
condi t ion,  the  performance a t  sea l e v e l  s t a t i c  w a s  e s t ab l i shed  by opera t ion  
t o  a t h r u s t  l e v e l  of 22,000 pounds (97,900 N). A t  t h i s  condi t ion,  t he  fan  
and core speeds w e r e  reduced from the  c ru i se  levels and the  cyc le  pressure  
r a t i o  rematches a t  a lower l e v e l .  

Performance a t  the  take-off condi t ion of Mach 0.25, sea l e v e l ,  w a s  
e s t ab l i shed  by holding t h e  core  gas generator  speed constant  a t  t h e  l e v e l  
defined by t h e  sea l e v e l  s ta t ic  t h r u s t  condition. 

2 Engine Ins  t a l l a t i o n  Aerodynamics 

a. Fan Bypass Duct and Nozzle Aerodynamic Design 

The fan  bypass duct and nozzle comprise the  region of fan  exhaust from 

Duct flow areas were s i zed  t o  give 
Mach 

the  o u t l e t  guide vanes t o  the  ex i t  of the  duct.  Surfaces w e r e  defined t o  
maintain a smoothly varying flow area. 
Mach numbers of the  order  of 0.5 over the  major por t ion  of the  duct .  
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numbers at the entrance to the duct which were representative of the Mach 
numbers that exist over most of the duct were 0.504, 0.490, and 0.491 for 
Engines A, B, and C ,  respectively, at sea level static take-off; and 0.585, 
0.569, and 0.534, respectively, at 0.82 Mach number, 35,000 foot (10,668 m) 
altitude cruise. 

b. Core Duct and Nozzle Aerodynamic Design 

The core nozzle exit areas of both test engines were increased prior to 
test compared to the original design values for the purpose of reducing jet 
noise. 
(0.356 to 0.372 m2). 
off was 1174 fps (357.9 m/sec). 
minimize the jet noise contribution to overall noise, since the new low 
pressure turbine required special attention. The area was increased from 
678 to 850 in2 (0.437 to 0.549 m2), resulting in an exhaust velocity at SLS 
take-off of 862 fps (262.7 m/sec). 

The core nozzle area on Engine A was increased from 552 to 577 in2 
The resulting exhaust velocity on Engine A at SLS take- 

The core nozzle on Engine C was designed to 

C. Aircraft Pylon and Lower Pylon Fairing Aerodynamic Design 

The aircraft structural pylon fairing and the lower pylon fairing (used 
sfor accessory drive shaft and pneumatic, hydraulic, and electrical lines) 
were designed to the same aerodynamic criteria (common leading edge). The 
lower pylon fairing was closed smoothly from the maximum width so that the 
trailing edge occurred at the fan nozzle exit. 
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SECTION I V  

TEST AND EVALUATION 

A. FAN AERO/ACOUSTIC TESTING 

1. Ful l - sca le  Fan T e s t i n g  

a. Aerodynamic Performance Evaluat ion 

(1) T e s t  Setup and Procedure 

Performance tests of t h e  t h r e e  f an  components w e r e  made i n  General 
Electric's Large Fan T e s t  F a c i l i t y  a t  Lynn, Massachusetts. 
and t h e  performance ins t rumenta t ion  are described i n  References 6 through 8. 

The f a c i l i t y  

(2) Performance of Fan A 

The Fan A test v e h i c l e  is shown i n  Figure 14. This r ep resen t s  t h e  
conf igu ra t ion  u t i l i z e d  throughout t h e  program involving Fan A (see Reference 
3) 

The d a t a  below present  t h e  o v e r a l l  f a n  performance i n  t h e  form of two 
maps t o  d i s t i n g u i s h  t h e  performance c h a r a c t e r i s t i c s  i n  t h e  f a n  bypass and 
f an  c o r e  regions.  
e f f i c i e n c y  ve r sus  t o t a l  f a n  flow. 
pressure  r a t i o  and e f f i c i e n c y  versus  f a n  co re  flow. 

One map p resen t s  f an  bypass to t a l -p re s su re  r a t i o  and 
The second map p resen t s  f a n  c o r e  t o t a l -  

Fan A w a s  designed t o  d e l i v e r  a bypass to t a l -p re s su re  r a t i o  of 1.50 a t  
The des ign  bypass a d i a b a t i c  a t o t a l  f a n  flow of 950 l b / s e c  (430.9 kg/sec) .  

e f f i c i e n c y  was 86.5%. 
88.5% a t  a bypass pressure  r a t i o  of 1.505 and a t o t a l  f a n  flow of 970 l b / s e c  
(440.0 kg/sec) . 

The peak a d i a b a t i c  e f f i c i e n c y  a t  des ign  speed w a s  

A bypass to t a l -p re s su re  r a t i o  of 1.52 and an a d i a b a t i c  e f f i c i e n c y  of 
88.3% a t  a t o t a l  flow of 962 l b / s e c  (436.4 kg/sec) were achieved i n  t h e  test 
program. The fan  co re  reg ion  was  designed t o  develop a to t a l -p re s su re  r a t i o  
of 1.32 a t  a flow of 144.0 l b / s e c  (65.3 kg/sec).  A f a n  core  pressure  r a t i o  
of 1.356 w a s  achieved a t  i ts  design flow, and a t  t h i s  condi t ion ,  a f a n  core  
ad iaba t i c  e f f i c i e n c y  of 83.1% w a s  measured. 

The ope ra t iona l  l i m i t  l i n e  w a s  determined up t o  100% correc ted  speed. 
Rotating s ta l l  w a s  t h e  ope ra t iona l  l i m i t  a t  a l l  speeds except 100% where 
high bypass OGV stress precluded f u r t h e r  i nc reases  i n  back pressure .  A t  
100% cor rec t ed  speed, an opera t ing  margin of 12.4% w a s  achieved r e l a t i v e  t o  
t h e  des ign  opera t ing  l i n e  a t  a l t i t u d e - c r u i s e  condi t ions .  A t  90% cor rec t ed  
speed t h e  opera t ing  margin was  10.8% r e l a t i v e  t o  t h e  des ign  ope ra t ing  l i n e  
a t  sea - l eve l - s t a t i c  condi t ions .  
i n  Figures 1 5  and 16. 

The measured performance of Fan A is  shown 
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The fan  was t e s t e d  wi th  one-per-rev circumferential, t i p  r a d i a l ,  and 
cross-wind d i s t o r t i o n  sc reens  i n s t a l l e d .  Addit ional  information on Fan A 
performance may be  found i n  Reference 6. 

(3) Performance of Fan B 

The Fan B test v e h i c l e  w a s  similar t o  t h a t  of Fan A. There were t h r e e  
conf igura t ions  t e s t e d .  
design s t agge r  angles.  

The i n i t i a l  test (Build 1) had both  vanes set a t  their 
The r o t o r  b lades  were i n i t i a l l y  made of aluminum. 

I n i t i a l  t e s t i n g  revealed t h a t  performance of t h e  fan core  o u t l e t  guide 
vanes w a s  below expectations.  
tandem row f a n  core  OGV was increased 6" so as t o  unload t h e  b lade  row, whi le  
t h e  f r o n t  element was  l e f t  a t  t h e  des ign  s tagger  angle s e t t i n g .  The per- 
formance was  improved somewhat by t h i s  modification. 
r e fe r r ed  t o  as Build U. During la t ter  phases of t e s t i n g ,  t i t an ium r o t o r  
blades were s u b s t i t u t e d  f o r  t h e  o r i g i n a l  aluminum blades  t o  improve stress 
margins, and this conf igu ra t ion  was r e f e r r e d  t o  as Build 2. 
presented i n  this r e p o r t  are f o r  t h e  Build 2 conf igura t ion ,  except as 
s p e c i f i c a l l y  noted. 

The s t agge r  ang le  of t h e  a f t  element of t h e  

This conf igu ra t ion  w a s  

All test r e s u l t s  

Fan B was  designed t o  d e l i v e r  a bypass to t a l -p re s su re  r a t i o  of 1.50 at  
a t o t a l  f an  flow of 950 l b l s e c  (430.9 kg/sec).  The design bypass a d i a b a t i c  
e f f i c i e n c y  w a s  87.0%. A bypass to t a l -p re s su re  r a t i o  of 1.52 and an a d i a b a t i c  
e f f i c i e n c y  of 86.9% at  a flow of 966 l b / s e c  (438.2 kg/sec) were achieved i n  
the  test program. The peak a d i a b a t i c  e f f i c i e n c y  at  design speed w a s  87.1% 
a t  a bypass p re s su re  r a t i o  of 1.507 and a t o t a l  f a n  flow of 976 l b / s e c  
(442.2 kglsec) .  The f an  core  reg ion  was designed t o  develop a to t a l -p re s su re  
r a t i o  of 1.43 at a flow of 147.3 l b / s e c  (66.8 kg/sec).  
r a t i o  of 1.425 was  achieved a t  its design flaw and, at t h i s  condi t ion ,  a f an  
co re  a d i a b a t i c  e f f i c i e n c y  of 77.0% was measured. 

A f an  core  pressure  

The ope ra t iona l  l i m i t  l i n e s  were determined up t o  100% correc ted  speed, 
Rotating s t a l l  w a s  t h e  ope ra t iona l  l i m i t  a t  a l l  speeds except 85% and 90% 
where high r o t o r  stress precluded f u r t h e r  i nc reases  i n  back pressure.  A t  
100% correc ted  speed, an ope ra t ing  margin of 19.5% w a s  achieved r e l a t i v e  t o  
t h e  design opera t ing  l i n e  at a l t i t u d e - c r u i s e  condi t ions ;  a t  90% correc ted  
speed t h e  opera t ing  margin was 10.9% relative t o  t h e  design opera t ing  l i n e  
at sea - l eve l - s t a t i c  condi t ions .  The measured performance of Fan B is shown 
i n  Figures 1 7  and 18. 

The f an  w a s  t e s t e d  wi th  one-per-rev c i r cumfe ren t i a l ,  t i p  r a d i a l ,  and 
hub r a d i a l  d i s t o r t i o n  screens  i n s t a l l e d .  Addit ional  information on Fan B 
performance may be  found i n  Reference 7. 

(4) P e r f o m n e e  of Fan C 

The Fan Ctest  v e h i c l e  was  s i m i l a r  t o  those  of Fans A and C.  Three 
conf igura t ions  were t e s t e d .  
t h a t  t h e  s t agge r  angle  of t h e  a f t  element of t h e  tandem row f a n  core  O W  w a s  
increased 4" (see Reference 8). 

The i n i t i a l  test (Build 1) w a s  as-designed, except 

The t e s t i n g  on Build 1 revealed t h a t  t h e  
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performance of t h e  f a n  r o t o r  w a s  below expec ta t ions  a t  cor rec ted  speeds below 
104%. The t e p t  da t a  ind ica ted  t h a t  the  lead ing  bow shock was not  being 
"swallowed" a t  cor rec ted  speeds below 104%. 
ro to r  blades w e r e  modified (Build 2) t o  increase  t h e  ex te rna l  compression and 
to inc rease  the  th roa t  area. Test ing of Build 2 showed no performance g a i n  
relative t o  Build 1. T e s t  da t a  ind ica ted  t h a t  t h e  lead ing  bow shock w a s  moved 
a f t  r e l a t i v e  t o  Build 1, bu t  w a s  s t i l l  not  being "swallowed" i n  t h e  manner 
expected. I n  a second at tempt  t o  c o r r e c t  t h i s  performance def ic iency ,  t h e  
part-span shrouds were removed, and the  blade w a s  twis ted  c losed  by an amount 
s l i g h t l y  g r e a t e r  than the  estimated add i t iona l  mechanical untwist ;  t h i s  modi- 
f i c a t i o n  w a s  designated Build 3.  
conf igura t ion .  A l l  aerodynamic test r e s u l t s  presented i n  t h i s  r e p o r t  are f o r  
the  Build 3 conf igura t ion  except as s p e c i f i c a l l y  noted. 
t i o n  i s  designated as "Mod 11," which w a s  incorporated i n  t h e  Fan C ha l f - sca l e  
model u t i l i z e d  i n  the  acous t i c  development program. 

To c o r r e c t  t h i s  def ic iency ,  t h e  

Objective performance w a s  obtained wi th  t h i s  

The Build 3 configura- 

Fan C w a s  designed t o  d e l i v e r  a bypass to ta l -pressure  r a t i o  of 1.60 a t  
a t o t a l  fan  flow of 915 lb / sec  (415.0 kg/sec) .  The design bypass a d i a b a t i c  
e f f i c i ency  w a s  84.2%. A bypass to ta l -pressure  r a t i o  of 1 .61 and an a d i a b a t i c  
e f f i c i ency  of 83.9% a t  a flow of 9 2 1 1 b / s e c  (417.8 kg/sec) w e r e  achieved i n  
the test program. 
which occurred a t  a bypass pressure  r a t i o  of 1.68 and a total  f a n  flow of 
911 lb / sec  (413.2 kg/sec).  The f a n  core region w a s  designed t o  develop a 
to ta l -pressure  r a t i o  of 1.49 a t  a flow of 152.8 lb / sec  (69.3 kg/sec) .  
core pressure  r a t i o  of 1.54 w a s  achieved a t  i t s  design-f low; a t  t h i s  condi t ion,  
a f an  core  a d i a b a t i c  e f f i c i ency  of 82.3% w a s  measured. 

The peak design speed a d i a b a t i c  e f f i c i e n c y  w a s  85.0%, 

A f a n  

The opera t iona l  l i m i t  l i n e  w a s  determined up t o  95% correc ted  speed. 
Rotating s ta l l  w a s  t he  opera t iona l  l i m i t  a t  50% correc ted  speed. A t  a l l  
cor rec ted  speeds from 60% t o  95%, high r o t o r  stress w a s  t h e  l i m i t  t h a t  
precluded f u r t h e r  increases  i n  back pressure.  The f a c i l i t y  power l i m i t  
was reached a t  100% correc ted  speed p r i o r  t o  reaching the  ope ra t iona l  l i m i t  
l i n e .  A t  t h i s  speed, t he  f a c i l i t y  power l i m i t  po in t  corresponded t o  an 
opera t ing  margin of 14.6% r e l a t i v e  t o  t h e  design opera t ing  l i n e  a t  a l t i t u d e -  
c r u i s e  condi t ions .  A t  90% correc ted  speed, t h e  opera t ing  margin w a s  17.4% 
r e l a t i v e  t o  t h e  design opera t ing  l i n e  a t  sea- leve l -s ta t ic  condi t ions .  The 
measured performance of Fan C is shown i n  Figures 19 and 20. 

The f a n  w a s  t e s t ed  with one-per-rev c i rcumferent ia l ,  t i p  r a d i a l ,  and 
crosswind d i s t o r t i o n  screens  i n s t a l l e d .  Addit ional  information on Fan C 
performance may be found i n  Reference 8.  

b. Acoustic Evaluation 

(1) T e s t  Setup and Procedure 

The General E l e c t r i c  acous t i c  test and eva lua t ion  program of  scale model 
fans  and f u l l - s c a l e  engines w a s  complemented by t h e  NASA acous t i c  program of 
f u l l - s c a l e  fans  a t  t h e  L e w i s  Research Center. Acoustic da t a  were taken on 
conf igura t ions  embodying Fans A, B, and C i n  t h e  L e w i s  f u l l - s c a l e  f a n  no i se  
test f a c i l i t y .  (see Figure 21). 
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Drive motors f o r  t he  10 x 10-foot (3.05 x 3.05-m) supersonic  wind tunnel  
were u t i l i z e d  t o  power t h e  fans.  The f a n s  were mounted on a pedes t a l  100 f e e t  
(30.5 m) from the  wind tunnel  d r i v e  motor bui ld ing  and were d r iven  from t h e  
front-end by means of a long s h a f t .  Addi t ional  information on t h e  f a c i l i t y  
and the  i n s t a l l a t i o n  is contained i n  References 9, 10  and 11. 

Noise measurements 
The micr 

ere made with 16 microphones loca ted  on a 100-foot 
hones were posi t ioned a t  10" increments from 10" t o  (30.5-m) a r c .  

l6Oo as measured from the  f a n  i n l e t  c e n t e r l i n e ,  
t he  a s p h a l t  sound f i e l d  sur face  a t  t h e  same height  as t h e  f a n  axis 
(5.8 m). Environmental r e s t r i c t i o n s  (wind, humidity, e t c . )  were i 
acous t i c  t e s t i n g  t o  a s su re  r e l i a b l e  d a t a .  

The microphones were set above 

(2) Full-scale  Fan Test Configurations 

The acous t i c  c h a r a c t e r i s t i c s  of Fans A, B, and C were determined f o r  
var ious conf igura t ions  over a range of  opera t ing  condi t ions ,  Two config- 
u ra t ions  of major i n t e r e s t  and common t o  each f an  are t h e  "baseline" and 
" fu l ly  suppressed" conf igura t ions  e 

The base l ine  conf igura t ion  contained w a l l  a c o u s t i c  t reatment  incorporated 
i n  the f a n  frame (see Figure 22) .  A l l  o the r  i n l e t  and exhaust duc t  w a l l s  
were unt rea ted .  
suppressor w i t h  a c o u s t i c  w a l l  t reatment and mul t ip l e  (0-3) s p l i t t e r  r i n g s  
with acous t i c  treatment on inner  and ou te r  s p l i t t e r  sur faces .  I n  add i t ion ,  
the  bypass exhaust duc t  w a l l s  w e r e  a c o u s t i c a l l y  t r e a t e d  and one t r e a t e d  
s p l i t t e r  r i n g  w a s  employed. While ne i the r  t h e  i n l e t  nor exhaust duc t  
suppressors were aerodynamically optimized, nor t a i l o r e d  t o  t h e  no i se  signa- 
t u re  of t he  f ans ,  t h e  r e s u l t s  obtained are bel ieved i n d i c a t i v e  of t h e  f e a s i -  
b i l i t y  of f an  noise  suppression and t h e  order  of  magnitude of suppression 
tha t  may be expected i n  t a i l o r e d  suppression systems. Both base l ine  and 
suppressed conf igura t ions  u t i l i z e d  bellmouth inlets .. The acous t i c  t reatment  
design f o r  a l l  t h ree  f ans  w a s  t he  same except f o r  small changes i n  t reatment  
length 

The f u l l y  suppressed conf igura t ion  had an inlet duc t  

(3) Ful l -scale  Fan Acoustic Test Resul ts  

The f r o n t  and a f t  quadrant maximum perceived noise  l eve l s*  f o r  t h e  Fans 
A, B, and C frame-treated and f u l l y  suppressed conf igura t ions  are summarized 
i n  Table IV. These s t a t i c  test r e s u l t s  have been ex t rapola ted  t o  t h e  200-foot 
(61-m) s i d e l i n e ,  and are presented f o r  t h e  approach and take-off power 
s e t t i n g s .  

Maximum perceived noise  l e v e l s  having d i s t i n c t  (and unique) no i se  
c h a r a c t e r i s t i c s  w e r e  observed i n  both t h e  f r o n t  and a f t  quadrants of t h e  f a n  
conf igura t ions  t e s t ed .  The l e v e l  i n  the  a f t  quadrant w a s  genera l ly  t h e  higher  
of the  two. An important exception t o  t h i s  t rend w a s  observed, however, f o r  
the  Fan C frame-treated conf igura t ion ,  e s p e c i a l l y  a t  the  take-off power 
s e t t i n g .  Mult iple  pure tones s t rong ly  inf luenced t h e  perceived n o i s e  levels 
of t h i s  high-tip-speed f a n  a t  t h e  take-off s e t t i n g .  

* See  Reference 12. 

40 



a 
0 u 

k 

41 



The same i n l e t  and exhaust t reatment  w a s  appl ied  t o  each of t h e  t h r e e  
fans .  Comparisons ind ica ted  9.0 t o  12.0 PNdB suppression of t h e  maximum 
f r o n t  quadrant PNL's f o r  Fans A, By and C, as w e l l  as 4.6 t o  8 . 3  PNdB 
suppression of t h e  maximum a f t  quadrant levels.  The i n s t a l l a t i o n  of t h e  
i n l e t  and exhaust t reatment  genera l ly  reduced t h e  b a s e l i n e  perceived n o i s e  
l e v e l s  a long t h e  s i d e l i n e  more f o r  Fan A than e i t h e r  Fans B or C, e s p e c i a l l y  
a t  the  approach power s e t t i n g .  

Table I V .  Fu l l - sca le  Fans Tested a t  NASA-Lewis Research Center, 
Summary of ZOO-foot (61-m) S i d e l i n e  Front and Aft 
Maximum PNL. 

Fan A - 
Frame- Trea ted  
Ful ly  Suppressed 

Fan B - 
Frame- Treated 102.8 114.4 
Ful ly  Suppressed 93.7* 102.7* 

Fan C 

Frame- Trea t ed 106.0 121.7 
Ful ly  Suppressed I 96.6 1 111.1 

I I 

105.0 117.3 
99.6 1 112.7 1 1 

1,293 
I I 

* 
PNL's s t e a d i l y  decreased from a maximum i n  t h e  a f t  quadrant. 
l e v e l  w a s  r ep resen ta t ive  of t h e  f r o n t  quadrant no ise .  

The 50' 

Comparisons of t h e  maximum perceived no i se  of t h e  two lower-tip-speed 
frame-treated f ans  i n d i c a t e  t h a t  t h e  Fan A levels w e r e  higher  than those  of 
Fan B i n  the  f r o n t  quadrant whi le  being lower i n  the a f t  quadrant.  The 
maximum PNL's f o r  t he  f u l l y  suppressed conf igu ra t ion  w e r e  similar f o r  Fans A 
and B i n  the  f r o n t  quadrant,  while  t h e  Fan A levels were aga in  lower i n  t h e  
a f t  quadrant.  The maximum levels f o r  Fan C were higher  than e i t h e r  Fans A 
o r  B i n  the  f r o n t  quadrant, e s p e c i a l l y  a t  t h e  take-off power s e t t i n g .  The 
maximum a f t  quadrant l e v e l s  f o r  Fan C w e r e  similar t o  those  of Fan A i n  t h e  
frame-treated conf igura t ion  and, l ikewise,  similar t o  those  of Fan B i n  t h e  
f u l l y  suppressed conf igura t ion .  

In a d d i t i o n  t o  genera l  s u b s t a n t i a t i o n  of t h e  General Electr ic  des ign  and 
test r e s u l t s ,  t he  NASA program cont r ibu ted  d i r e c t l y  t o  t h e  in t eg ra t ed  o v e r a l l  
Experimental Quiet Engine Program. Acoustic comparisons between Fans A and B 
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were u t i l i z e d  i n  the  s e l e c t i o n  of Engine A as t h e  lower-fan-tip-speed engine 
to be t e s t ed .  Early information on the  acous t i c  characteristics of Fan C 
w a s  u t i l i z e d  t o  design a c o u s t i c  treatment f o r  t h e  engine t e s t i n g .  Further ,  
acous t ic  c h a r a c t e r i s t i c s  of Fans A m d  C were compared t o  corresponding engine 
test resu l t s  i n  order  t o  eva lua te  t h e  con t r ibu t ion  of t h e  f a n  component t o  
the  o v e r a l l  engine noise  l e v e l s .  

The f u l l - s c a l e  f a n  acous t i c  da ta  discusszd above are taken from References 

Reference 9 g ives  a d d i t i o n a l  information on t h e  test 
10 and 11 f o r  Fans B and A, r e spec t ive ly .  
unpublished NASA r e s u l t s .  
program. 

The Fan C da ta  are based on 

2.  

Test ing of t he  scale model f a n  veh ic l e s  w a s  performed a t  t h e  Peebles T e s t  
Operation, General Electric's outdoor test site, using a General Electric 
LM1500 s t a t i o n a r y  gas turb ine  as t h e  d r i v e  system through t h e  f a n  i n l e t .  This 
test f a c i l i t y  permits  scale model f a n  measurements of acous t i c  and aerodynamic 
performance c h a r a c t e r i s t i c s .  Both Fan B (0.484 scale f a c t o r )  and Fan C 
(0.527 s c a l e  f a c t o r )  were t e s t e d  i n  many conf igura t ions  i n  t h e  36-inch (91.4-cm) 
diameter vehic le ,  s imulat ing t h e  bypass flow por t ion  of t h e  f u l l - s c a l e  fans .  
I n  the pretest  engine and component design phase of the  program, Engine B w a s  
predicted t o  have the  lowest no ise  l e v e l s  of t h e  th ree  engines (see Reference 
1 ) .  Further,  Fans B and C had the  same numbers of b lades  and vanes, while 
Fan A had d i f f e r e n t  numbers. 
Fans B and C, as examples of low- and high-tip-speed engines. 

Half-Scale Fan Test F a c i l i t y  and Procedures 

Therefore, t he  ha l f - sca le  program w a s  based on 

The acous t i c  da ta  w e r e  taken with microphones loca ted  on a 100-foot 
(30.5-m) arc, posi t ioned a t  10' increments from 30' t o  160' as measured from 
the  fan  i n l e t  axis. The microphones were set a t  t h e  he ight  of the f a n  
c e n t e r l i n e ,  1 2  f e e t  (3.66m) above the  sound f i e l d  su r face  o f ,  i n i t i a l l y ,  crushed 
s tone .  Later t e s t i n g  w a s  over a spha l t ,  wi th  microphones a t  a height  of 15 f e e t  
(4.57m) and with c a l i b r a t i o n s  t o  assess the  d i f f e r e n t  acous t i c  p r o p e r t i e s  of 
the  two ground su r faces .  I n  t h e  case of Fan By t h e  "baseline", t i p  bleed and 
s e r r a t e d  r o t o r  tests w e r e  conducted with crushed s tone,  while t he  v a r i a b l e  
p i t c h  and leaned o u t l e t  guide vane t e s t s  were conducted with asphal t .  A l l  f a n  
C tests w e r e  conducted with a spha l t .  (See Reference 13) .  

Res t r i c t ions  w e r e  imposed on acous t i c  t e s t i n g  t o  a s su re  r e l i a b l e  d a t a ,  
Thus, appropr ia te  "windows" f o r  maximum al lowable winds and range of relative 
humidity were e s t ab l i shed .  No t e s t i n g  w a s  conducted with water o r  snow 
accumulation on t h e  sound f i e l d ,  o r  with r a i n ,  snow, o r  fog  condi t ions .  Aero- 
dynamic instrumentat ion w a s  removed. 

3 .  Half-Scale Fan B Tes t ing  

a. T e s t  Configurations 

The design of Fan 3 i s  discussed i n  Sect ion I11 of t h i s  r epor t ,  as w e l l  as 
i n  Reference 1. 
Scale Fan B, as descr ibed i n  the  following sec t ions .  

Five separate sets of i nves t iga t ions  w e r e  conducted on Half- 
The t e s t i n g  comprised 

43 



6 conf igura t ions  of t he  "baseline" f a n  (untreated and with frame treatment"), 
5 conf igura t ions  f o r  c a s i n g - t i p  bleed inves t iga t ions ,  6 conf igura t ions  f o r  
s e r r a t ed  r o t o r  evaluat ion,  60 d i f f e r e n t  v a r i a b l e  p i t c h  conf igura t ions ,  and 
6 conf igura t ions  f o r  eva lua t ion  of t he  e f f e c t  of o u t l e t  guide vane l e a n ,  

b. Half-Scale Fan B Baseline 

The base l ine  conf igura t ion  of Half-Scale Fan B w a s  t e s t e d  wi th  t h r e e  
d i f f e r e n t  exhaust nozzles  - nominal, 16% oversized,  and 6% undersized, 
Figure 23 shows a c ross  s e c t i o n  of t he  model f a n  i n  t h e  t r e a t e d  conf igura t ion .  
The untreated conf igura t ion  w a s  obtained by n e u t r a l i z i n g  t h e  t reatment  by 
covering with adhesive-backed f o i l  t ape .  Table V shows 200-foot (61-m) 
s i d e l i n e  maximum PNL's (Reference 12) f o r  a l l  conf igura t ions  a t  approach and 
take-off power s e t t i n g s .  The noise  l e v e l s  shown are sca led  t o  f u l l - s c a l e  
Fan B s i z e .  
take-of f and approach t h r u s t  l e v e l s ,  al though t h e  l a r g e  nozzle (16% oversized)  
did show the  lowest no i se  i n  the  mid-thrust range. Fan frame a c o u s t i c  treat- 
ment w a s  e f f e c t i v e  i n  reducing maximum 200-foot (61-m) s i d e l i n e  PNL by 
4.2 PNdB a t t ake -o f f  and approach power s e t t i n g s ,  t he  suppression obtained 
being over a frequency range of 1 - 10 kHz. P r e t e s t  f lyover  no i se  p red ic t ions  
agreed q u i t e  w e l l  wi th  test r e s u l t s  f o r  unsuppressed noise .  
information on the  base l ine  f a n  acous t i c  and aerodynamic inves t iga t ions  is 
given i n  Reference 14.  

The f a n  exhaust nozzle area changes d id  not  reduce n o i s e  a t  

Further  d e t a i l e d  

c .  Half-Scale Fan B Casing Tip Bleed 

Half-Scale Fan B w a s  t e s t ed  with a r o t o r  t i p  cas ing  bleed s l o t ,  using t h e  
t r ea t ed  base l ine  conf igura t ion  discussed i n  Sect ion b above. 
continuous c i rcumferent ia l ly ,  f l u s h  with the  o r i g i n a l  cas ing  contour ,  and 
located 1 / 2  inch (1,27 cm) upstream of t h e  lead ing  edge of t he  r o t o r  t ip . .  
Testing w a s  done a t  0, 2, 3, and 4% bleed flow (percent  of t o t a l  f a n  flow) a t  
both approach and take-off power s e t t i n g s ,  and r e s u l t s  were compared wi th  
those of the s tandard cas ing  conf igura t ion .  Table V shows acous t i c  r e s u l t s  
of the inves t iga t ions .  Although increas ing  bleed flow decreased both broad- 
band and tone no i se  compared t o  t h e  zero bleed case using t h e  s l o t t e d  casing,  
the  standard (uns lo t ted)  conf igura t ion  had lower no i se  than any bleed config- 
ura t ion .  The noise  i n  the  f r o n t  quadrant decreased r e l a t i v e  t o  the  zerc  
bleed base l ine  with increas ing  bleed rate. This type of bleed might reduce 
noise  if the  inlet boundary l a y e r  were highly tu rbu len t  o r  i f  blow-in doors 
w e r e  used. Further  d e t a i l e d  information on t h e  casing t i p  bleed a c o u s t i c  
and aerodynamic i n v e s t i g a t i o n s  is  given i n  Reference 15 ,  

The s l o t  w a s  

d. Half-Scale Fan B Ser ra ted  Rotor 

Since the  wakes shed from the  ro to r  blades are among the  p r i n c i p a l  
mechanisms of no ise  generat ion,  boundary l a y e r  c o n t r o l  on t h e  b lades  can 
reduce the  e f f e c t  of t h e  wakes. 
the  blade leading edges. Half-Scale Fan B w a s  t e s t e d  with s e r r a t e d  r o t o r  
blades,  i n  t he  t r ea t ed  b a s e l i n e  conf igura t ion  discussed i n  Sect ion b above. 

*The frame t reatment  w a s  1/2-inch (1.27-cm)-thick S c o t t f e l t ,  covered by a 
per fora ted  p l a t e .  
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Three exhaust nozzle  conf igura t ions  w e r e  aga in  u t i l i z e d .  Table V shows 
acous t i c  r e s u l t s  i n  terms of maximum PNL a t  t h e  200-foot (61-m) s i d e l i n e ,  
scaled t o  f u l l - s c a l e  Fan B s i ze .  
a t  take-off power. 
a t  both approach and take-off power. 
frequency SPL values  s i g n i f i c a n t l y  i n  the  f r o n t  quadrant a t  take-off t h r u s t ;  
with the  nominal nozzle, the  fundamental PWL w a s  reduced 4 .2  dB. The s e r r a t e d  
r o t o r  had neg l ig ib l e  e f f e c t  on t h e  opera t ing  l i n e s  of t h e  model f an .  
d e t a i l e d  information on the  s e r r a t e d  r o t o r  acous t i c  and aerodynamic inves t i -  
ga t ions  is given i n  Reference 16. 

The s e r r a t i o n s  reduced f r o n t  quadrant PNL's 
However, rear quadrant PNL's were increased by s e r r a t i o n s  

The s e r r a t i o n s  reduced b lade  passing 

Further  

e. Half-Scale Fan B Variable  P i t ch  

A v a r i a b l e  p i t c h  r o t o r  ve r s ion  of Half-Scale Fan B w a s  t e s t e d  i n  t h e  
base l ine  conf igura t ion .  
used f o r  each of the  th ree  exhaust nozzles.  Table V shows maximum PNL va lues  
f o r  the minimum noise  s tagger  conf igura t ions  f o r  each exhaust nozzle a t  approach 
and take-off t h r u s t  s e t t i n g s .  Approach t h r u s t  f o r  t h e  v a r i a b l e  p i t c h  Fan B 
w a s  taken a t  44% t h r u s t ,  r a t h e r  than 39% t h r u s t  as i n  the  case of t h e  o t h e r  
Fan B veh ic l e s  inves t iga ted ,  because of test f a c i l i t y  l i m i t a t i o n s  with t h e  
va r i ab le  p i t c h  vehic le .  Evaluation of acous t i c  and f a n  e f f i c i ency  da ta  f o r  
the  nominal exhaust nozzle  case shows t h a t  t he  s tagger  angles  f o r  minimum 
noise tend to  be the  same as the  maximum e f f i c i e n c y  s e t t i n g s .  The r e s u l t s  
of the  va r i ab le  p i t c h  inves t iga t ions  i n d i c a t e  t h a t  a va r i ab le  (or r eve r se  
p i t ch )  f an  can be scheduled so as t o  reduce no i se  and inc rease  e f f i c i ency  
a t  off-design t h r u s t  l e v e l s .  In  general ,  t h e  PNL reduct ion  is  obtained 
through broadband noise  reduct ion.  Blade passing frequency and harmonic 
noise  tend t o  increase  a t  constant  t h r u s t .  Further  information on t h e  
va r i ab le  p i t c h  f an  acous t i c  and aerodynamic inves t iga t ions  is  given i n  
Reference 1 7 .  

Twenty d i f f e r e n t  r o t o r  blade s tagger  s e t t i n g s  w e r e  

f .  Half-Scale Fan B Leaned OGV 

The e f f e c t  of r a d i a l l y  lean ing  the  o u t l e t  guide vanes by 30" i n  t h e  
d i r e c t i o n  of r o t o r  r o t a t i o n  w a s  evaluated.  T e s t s  were made wi th  both  leaned 
and nominal ( r a d i a l )  OGV's, with f a n  frame treatment,  and th ree  exhaust 
nozzles.  Table V shows the  200-foot (61-m) s i d e l i n e  maximum PNL's, comparing 
leaned and r a d i a l  vanes, i nd ica t ing  d e f i n i t e  no ise  reduct ions due t o  l ean  
a t  both approach and take-of f power s e t t i n g s .  

Regarding aerodynamic performance of the  leaned and r a d i a l  vane fans ,  i t  
should be noted t h a t  l i t t l e  d i f f e rence  w a s  caused by l ean  i n  cor rec ted  f low 
a t  pressure  r a t i o  a t  a given cor rec ted  speed. However, l e a n  improved f a n  
e f f i c i ency  i n  t h i s  case. Additional information on the  acous t i c  and aero- 
dynamic inves t iga t ions  of Half-Scale Fan B with leaned o u t l e t  guide vanes i s  
given i n  Reference 18. 

g. Summary of Half-Scale Fan B Tes t ing  

The experimental  i nves t iga t ions  with Half-Scale Fan B had t h e  following 
s a l i e n t  r e s u l t s :  
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i t h  the  b a s e l i  f ~ g u r a t i o n ~  the  f a n  exhaust nozzle area 
changes did not  reduce noise  a t  take-off and approach t h r u s t  
l e v e l s ,  al though the  l a rge  nozzle (16% oversized)  d id  show t h e  

est noise  i n  the  mid-thrust range, Fan frame acous t i c  treat- 
f e c t i v e  i n  re 200-foot (61-m) s i d e l i n e  

a t  both takeoff  and approach 
power s e t t i n g s .  

The cas ing  t i p  bleed inves t iga t ions  showed t h a t  t h e  p a r t i c u l a r  
r o t o r  t i p  cas ing  bleed s l o t  increased t h e  no i se  l e v e l  above t h a t  
of t h e  conf igura t ion  without the  bleed s l o t .  

The s e r r a t i o n s  reduced ' f ront  quadrant PNL's a t  take-off power, bu t  
increased rear quadrant maximum PML's a t  approach t h r u s t .  The 
s e r r a t i o n s  reduced blade passing frequency SPL values  s i g n i f i c a n t l y  
i n  the  f r o n t  quadrant a t  take- f t h rus t ;  wi th  t h e  nominal nozzle,  
t he  fundamental power l e v e l  (P ) w a s  reduced 4.2 dB, 

The v a r i a b l e  p i t c h  r o t o r  i nves t iga t ions  showed t h a t  a v a r i a b l e  
(or  reverse  p i t ch )  f a n  can be scheduled so as t o  reduce no i se  and 
inc rease  e f f i c i ency  a t  off-design t h r u s t  l e v e l s .  

Inves t iga t ions  with leaned o u t l e t  guide vanes showed t h a t  circum- 
f e r e n t i a l l y  leaned o u t l e t  guide vanes can b e  used t o  reduce t h e  
no i se  of low-tip-speed fans .  

4 .  Half-Scale Fan C Test ing 

a T e s t  Configurations 

The de ta i l ed  design of Fan C is  discussed i n  Sect ion I11 of t h i s  r epor t ,  
as w e l l  a s  i n  Reference 1, 
conducted on Half-Scale Fan C. 
w a l l  a cous t i c  treatment,  two conf igura t ions  f o r  i nves t iga t ion  of r o t o r  cas ing  
s l o t s ,  four  conf igura t ions  of r o t o r  blade/f low passage shape modif icat ions 
both with and without acous t i c  treatment,  nine conf igura t ions  of inlet no i se  
cont ro l  v i a  w a l l / s p l i t t e r  acous t i c  treatment and i n l e t  duct  
con t ro l ,  and s i x  conf igura t ions  f o r  evaluat ion of t h e  e f f e c t  of o u t l e t  guide 
vane lean.  

Five sepa ra t e  sets of i nves t iga t ions  w e r e  
The t e s t i n g  comprised four  conf igura t ions  of 

b. Half-Scale Fan C Nacelle Treatment 

Half-Scale Fan C w a s  t e s t e d  with four  conf igura t ions  of w a l l  a cous t i c  
treatment,  as follows: 

o acous t i c  treatment 

Fan frame treatment 

F u l l  nace l l e  w a l l  t reatment 

F u l l  nace l l e  w a l l  t eatment with a massive a f t  suppressor 
4 



Figure 24 shows t h e  l o c a t i o n  of t h e  acous t i c  treatment [ S c o t t f e l t ,  

For unt rea ted  t e s t i n g ,  t h e  massive a f t  
1/2-inch (1,27-cm) th i ck ]  f o r  t h e  frame and n a c e l l e  treatment cases, as w e l l  
as the "massive a f t   upp press ion.^' 
suppressor w a s  removed and t h e  t r e a t e d  areas neu t r a l i zed  by covering them wi th  
adhesive-backed f o i l  tape.  Table V I  shows 200-foot (61-m) s i d e l i n e  maximum 
PNL's f o r  take-off and approach power s e t t i n g s .  
f r o n t  maximum noise  by 8 . 3  PNdB a t  take-off power and 7.2 PNdB a t  approach 
power, 
while the a f t  duct suppression w a s  more e f f e c t i v e  on approach than on takeoff .  
The massive a f t  suppression i s o l a t e d  t h e  in l e t - r ad ia t ed  noise,  and t h e  r e s u l t s  
showed t h a t  t h e  no i se  i n  t h e  f r o n t  quadrant w a s  t o t a l l y  in l e t - r ad ia t ed  even 
without t h e  suppressor,  
dynamic inves t iga t ions  of Half-Scale Fan C wi th  va r ious  treatment configur- 
a t i o n s  is  given i n  Reference 13.  

F u l l  nacelle treatment reduced 

The i n l e t  suppression w a s  more e f f e c t i v e  on takeoff than  on approach, 

Additional information on t h e  a c o u s t i c  and aero- 

c. Half-Scale Fan C S l o t t e d  Tip Casing 

Half-Scale Fan C w a s  t e s t e d  wi th  a c i r cumfe ren t i a l ly  s l o t t e d - t i p  cas ing  

Acoustic treatment w a s  a l s o  placed behind t h e  s l o t s  t o  assess 
The s l o t t e d  conf igura t ions  

i n  order t o  determine t h e  acous t i c  e f f e c t  of s l o t s  designed t o  improve f a n  
s ta l l  margin. 
the p o s s i b i l i t y  of a d d i t i o n a l  no ise  suppression. 
included fan  frame treatment as defined i n  Section b above. Table V I  shows 
acous t i c  results of t h e  s l o t t e d - t i p  cas ing  tests. The s l o t s  increased t h e  
a f t  quadrant no i se  over t h e  frame t rea tment / so l id  cas ing  levels, p a r t i c u l a r l y  
a t  approach. The add i t ion  of treatment behind t h e  s l o t s  reduced n o i s e  levels 
s l i g h t l y .  
aerodynamic performance map shows l i t t l e  change. However, t h e r e  are indica- 
t i ons  of e f f i c i ency  improvement due t o  s l o t  add i t ion ,  p a r t i c u l a r l y  a t  90% 
correc ted  speed. Further information on t h e  s l o t t e d - t i p  cas ing  acous t i c  
and aerodynamic i n v e s t i g a t i o n s  wi th  Half-Scale Fan C are given i n  Reference 13.  

Comparison of t h e  s o l i d  and s l o t t e d  cas ing  r e s u l t s  on t h e  f a n  

d. Half-Scale Fan C Blade Modifications 

Four damperless conf igura t ions  of Half-Scale Fan C w e r e  t e s t e d  i n  an  e f f o r t  
t o  reduce mul t ip le  pure tone (MPT) noise.  Each conf igu ra t ion  w a s  t e s t e d  wi th  
and without  w a l l  a cous t i c  treatment. For t h e  unt rea ted  conf igura t ions ,  t h e  
treatment w a s  neu t r a l i zed  by covering it  w i t h  an adhesive-hacked f o i l  tape.  
Figure 25 shows a n  overlay of t he  fou r  r o t o r  b lade  t i p  a i r f o i l  shapes. I n  
each case t e s t ed ,  t he  bas i c  i n t e n t  w a s  t o  alter t h e  shock s t r u c t u r e  s o  as t o  
reduce t h e  mul t ip l e  pure tone (MPT) noise .  The a i r f o i l  l abe led  "Mod 11" w a s  
designed by "conventional" practices e That is, t h e  design po in t  (100% correc ted  
f a n  speed) performance w a s  a key c r i t e r i o n .  Since performance of high speed 
blading is h ighly  dependent on t h e  bow shock pos i t i on ,  t h e  a i r f o i l  shape and 
cascade gemoetry are t a i l o r e d  t o  pu t  t h e  shock i n  a "swallowed" p o s i t i o n  which 
r e s u l t s  i n  a minimum of shock lo s ses .  One of t h e  acous t i c  c h a r a c t e r i s t i c s  of 
such a blade is a drop-off i n  no i se  level as t h r u s t  i s  increased p a s t  t h e  
take-off t h r u s t .  With t h i s  i n  mind, i t  w a s  reasoned t h a t ,  i f  t h e  design shock 
p o s i t i o n  w a s  obtained a t  takeoff ,  t h e  take-off no i se  would be  lower. The 
"Mod III" blade represents  t h i s  design. 
t h i s  design change w a s  expected t o  decrease des ign  po in t  e f f i c i e n c y .  
blade shape s e l e c t e d  ("Mod VII") w a s  a c t u a l l y  obtained from "Mod 111" by 

From t h e  performance p o i n t  of view, 
The next 
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c los ing  the  blade.  It was othesized t h  
design point  per for  
f f e c t s  of t h i s  cha 
ressure  r a t i o  were 

se lec ted  f o r  tes t i  
increase  i n  design 
istics of the  "Mod 
the  t i p  i n  order  t o  cha 
secondary shock i n  
performance charac 

During eva lua t ion  of the  %/3--0c 
take-off power s e t t i n g  a t  the  200-fo 
mul t ip le  pure tones,  t h e  blade pass 
tone, i t  w a s  found t h a t  t h e  r 
pure tone l e v e l s  as des i red ,  
second harmonic tone l e v e l s ,  
(61-m) s i d e l i n e .  Table VBI su  
f o r  the  t r e a t e d  and unt rea ted  conff 
be noted t h a t  i n  f l i g h t  t h e  un t r ea t  
than "Mod 11" a t  takeoff .  

Table V I I ,  Half-Scale Pan C Blade ~ ~ ~ ~ ~ ~ ~ a ~ ~ o n s  - Level P ~ Y O ~ ~ K S  - 
ximun Forward P 

For each of the  b lade  configurat ions,  t h e  performance as determined 
by using a set  of f ixed  nozzles with var ious  areas. Table 
n a m i c  performance of each conf igura t ion  a t  60 and 95% correc ted  
the  nominal 396 in2 (0,255 m2) nozzle.  The r e s u l t s  show t h a t  a t  
"Mod V I I I "  passed less flow than "Mod IIss, while a t  higher speed 
passed more flow. "Mod V I I I "  had a smaller a area and, t h  
passed less a c t u a l  flow a t  the  design speed. r, t he  s p e c i f i c  f l o w  
( l b / f t 2 )  (kg/m2) of t he  two fans w a s  comparab speed "Mod V I I I "  
e f f i c i ency  w a s  approximately equal  t o  t h a t  of 1"- At high speed, ' 
V I I I "  w a s  about 2% higher i n  e f f i c i ency  than ''- It n u s t  be noted 
the  r e l a t i v e l y  s h o r t  span of these  b lades  r e s u l t e d  i n  a som 8: lower abso lu te  
e f f i c i ency  l e v e l  than a lower-radius-ratio f a n ,  'This is du 
number over t h e  hub w a l l  which l o c a l l y  reduces e f f i c i ency .  ever, on a 
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Table V I I I .  Half-Scale Fan C Blade Modif icat ions - Aerodynamic Performance, 

*NOTE: Mod V I 1 1  from sca led  to Mod I1 by the  r a t i o  of r o t o r  i n l e t  areas .  

comparative b a s i s ,  these  r e s u l t s  are s i g n i f i c a n t .  Additional information on 
the Half-Scale Fan C b lade  modif icat ion i n v e s t i g a t i o n s  is given i n  Reference 19. 

e. Half-Scale Fan C I n l e t  Suppression 

The Half-Scale Fan C model w a s  t e s t e d  t o  determine the  e f f e c t s  on n o i s e  
of varying t h e  number of t r e a t e d  i n l e t  s p l i t t e r s ,  and i n l e t  Mach number e f f e c t s .  
Each test w a s  run  wi th  w a l l  a cous t i c  treatment.  A t o t a l  of e i g h t  suppressed 
conf igura t ions  w a s  run. 
noise, t he  "massive a f t  suppressor" w a s  used i n  a l l  cases t o  remove rear- 
r ad ia t ed  f a n  no i se  from t h e  f r o n t  quadrant. Figures 26 through 28 show t h e  
var ious  i n l e t s  t e s t ed .  Table I X  shows a summary of t h e  forward maximum PNL, 
t h r o a t  Mach number and to ta l -pressure  recovery a t  take-off and approach fan  
speeds. 
t i o n  from Mach 0 .46  (untreated base l ine )  t o  0.67 reduced t h e  no i se  17 .2  PNdB 
a t  takeoff wi th  an  i n l e t  recovery loss of 2.9%. A t  approach, a c c e l e r a t i o n  w a s  
from 0 .26  t o  0.35 wi th  a no i se  reduct ion  of 12.8 PNdB and a recovery lo s s  of 
0.7%. 
takeoff wi th  a n  a c c e l e r a t i o n  of 0 . 4 6  t o  0.72 and a recovery l o s s  of 2.3%. When 
no s p l i t t e r s  w e r e  employed, t he  reduct ion  a t  takeoff i n  going from t h e  unsup- 
pressed to  t h e  0.55 i n l e t  w a s  11.0 PNdB. With a c c e l e r a t i o n  from 0.54 t o  0.71 
(see note  00 i n  Table IX), a f u r t h e r  reduct ion  of 3.9 PNdB was  r e a l i z e d .  The 
t o t a l  no i se  reduction, 14.9 PNdB, was obtained a t  a c o s t  of 1.3% i n  recovery. 
Noticeable no i se  reduct ions  due t o  a c c e l e r a t i o n  were found a t  Mach numbers of 
0 . 6 5  and higher. 

Since these  i n v e s t i g a t i o n s  evaluated f r o n t  end 

It can be seen i n  Table I X  t h a t  t h e  t h r e e - s p l i t t e r  i n l e t  wi th  accelera- 

With one s p l i t t e r  t h e  0.79 i n l e t  showed a reduct ion  of 18.1 PNdB a t  
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t Table I X .  Half-Scale Fan C I n l e t  Sup r e s s i o n  Inves t iga t ion  - I n l e t  Noise , 
Mach Number 1: , and Recovery! Summary. 

' 
' Average to t a l -p re s su re  recovery. 

Average t h r o a t  Mach number based on flow and to t a l -p re s su re  recovery 

t t  
" 

Takeoff i s  defined a s  90% cor rec t ed  f a n  speed. 

Approach is  defined as  57.5% cor rec t ed  f a n  speed. 

Takeoff d a t a  a t  88% cor rec t ed  f a n  speed. 

' 
' Average to t a l -p re s su re  recovery. 

Average t h r o a t  Mach number based on flow and to t a l -p re s su re  recovery 

t t  
" 

Takeoff i s  defined a s  90% cor rec t ed  f a n  speed. 

Approach is  defined as  57.5% cor rec t ed  f a n  speed. 

Takeoff d a t a  a t  88% cor rec t ed  f a n  speed. 
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It should be  noted t h a t  t h e  s p l i t t e r s  were added such t h a t  t h e  i n l e t  t h r o a t  
w a s  smaller i n  each case. A t  h igher  speeds t h e  Mach number w a s  considerably 
higher  than t h e  conventional i n l e t  (usua l ly  0.5 t o  0.55). The inc lus ion  of 
s p l i t t e r s  r e s u l t e d  i n  no i se  reduct ion  a t  t h e  c o s t  of i n l e t  recovery. 
s p l i t t e r s  t he  i n l e t  behaved i n  t h e  normal manner with recovery a t  0.944 a t  
90% speed. As s p l i t t e r s  were added, recovery dropped wi th  t h e  lowest value 
being 0.962 (Mach number w a s  about 0 .7)  measured wi th  th ree  s p l i t t e r s .  The 
s i n g l e - s p l i t t e r  i n l e t  showed lower recovery than t h e  two-sp l i t t e r  i n l e t  except 
a t  high speed. It is  bel ieved t h a t  t h i s  l o s s  i n  recovery w a s  t h e  r e s u l t  of a 
misalignment of t h e  s i n g l e  s p l i t t e r  with r e spec t  t o  t h e  flow. The e f f e c t  of  
t h i s  on the  noise  reduct ion  obtained is unknown, a l though it  d id  n o t  appear 
t o  have caused any d i s c o n t i n u i t i e s  i n  the  a c o u s t i c  da t a .  

With no 

Roughly, a 1% decrease i n  recovery r e su l t ed  i n  a 2% t h r u s t  l o s s  on t h e  
Engine C cycle .  Therefore, recovery levels w i l l  have t o  be c a r e f u l l y  con- 
s idered  i n  engine suppression design. Addit ional  information on t h e  acous t i c  
and aerodynamic i n l e t  no ise  reduct ion  inves t iga t ions  with Half-Scale Fan C 
are given i n  Reference 20. 

f . Half-Scale Fan C Leaned OGV 

The e f f e c t  of r a d i a l l y  lean ing  t h e  o u t l e t  guide vanes by 30" i n  t h e  
d i r e c t i o n  of r o t o r  r o t a t i o n  w a s  t e s t e d .  T e s t s  were made with both leaned and 
normal ( r a d i a l )  OGV's ,  w i t h  i n l e t  and f a n  frame t reatment .  Three exhaust 
nozzles were used. Table V I  shows t h e  200-foot (61-m) s i d e l i n e  maximum PNL's, 
comparing leaned and r a d i a l  vanes, i nd ica t ing  no i se  increases  accompanying 
l ean  on Fan C. The noise  increase  is  l a r g e l y  a s soc ia t ed  with increased h igh  
frequency broadband noise .  However, t h e r e  are ind ica t ions  t h a t  t h e  no i se  
increase  is not genera l ly  app l i cab le  t o  a l l  high speed f ans .  This b e l i e f  i s  
based on the  d e t e c t i o n  of an  apparent OGV incidence mismatch i n  Fan C which 
may have a f f e c t e d  the  noise  generat ion.  I n  regard t o  aerodynamic performance 
of the leaned- and radial-vane fans ,  t he  leaned-vane f a n  showed a t rend 
toward higher  flow a t  a given cor rec ted  speed. There is no apparent  reason 
f o r  t h i s  behavior.  There w a s  some l o s s  i n  f an  e f f i c i e n c y  with l e a n  with t h e  
nominal exhaust  nozzle.  When the  s m a l l  and l a r g e  nozzles w e r e  used, t h e  
leaned vanes produced higher  e f f i c i e n c i e s  a t  several speed po in t s .  Addit ional  
information on the  acous t i c  and aerodynamic inves t iga t ions  of Half-Scale 
Fan C with leaned o u t l e t  guide vanes i s  given i n  Reference 18. 

g. Summary of  Half-Scale Fan C Test ing 

The experimental  i nves t iga t ions  wi th  Half-Scale Fan C gave t h e  fol lowing 
s a l i e n t  r e s u l t s :  

0 The nace l le  treatment i nves t iga t ions  showed t h a t  wi th  f u l l  nace l l e  
t reatment ,  t he  i n l e t  suppression w a s  more e f f e c t i v e  a t  takeoff than 
a t  approach, and the  a f t  duct  treatment w a s  more e f f e c t i v e  a t  
approach than a t  takeoff .  

0 Inves t iga t ions  with the  s l o t t e d - t i p  cas ing  showed t h a t  t h e  grooves 
above the  r o t o r  increased t h e  a f  t - rad ia ted  noise ,  p a r t i c u l a r l y  a t  
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low power s e t t i n g s .  Including a single-degree-of-freedom a c o u s t i c  
t reatment  behind t h e  grooves reduced f r o n t  no i se  levels.  The 
grooved f a n  cas ing  appeared t o  improve t h e  f a n  e f f i c i e n c y  about  
one percent  a t  co r rec t ed  speeds near design.  

0 The r o t o r  b lade  modi f ica t ion  inves t iga t ions  showed t h a t  a change 
i n  t h e  b a s i c  b lade  a i r f o i l  design cri teria can act t o  reduce 
mul t ip l e  pure tone (MPT) no i se  i n  f ans  wi th  supersonic  r e l a t i v e  
Mach numbers. Future des ign  changes aimed a t  reducing mul t ip l e  
pure tones must acknowledge t h e  p o s s i b i l i t y  t h a t  t h e  b lade  pass ing  
frequency no i se  w i l l  increase ,  which w a s  t h e  r e s u l t  i n  t hese  
inves t iga t ions .  

0 Inves t iga t ions  wi th  t h e  i n l e t  suppression conf igura t ions  showed 
t h a t  mu l t ip l e  a c o u s t i c a l l y  t r ea t ed  s p l i t t e r s  and/or a high average 
t h r o a t  Mach number r e s u l t e d  i n  apprec iab le  take-off no i se  reduct ion.  

0 The leaned o u t l e t  guide vane inves t iga t ions  with Fan C showed t h a t  
r a d i a l l y  leaned o u t l e t  guide vanes increased no i se  l e v e l .  However, 
t he re  are ind ica t ions  t h a t  t h i s  is  not  a r e s u l t  which i s  genera l ly  
app l i cab le  t o  a l l  high speed fans .  

B. Engine Aero/Acoustic Test ing 

1. Test F a c i l i t y  and Procedures 

Test ing of Engines A and C w a s  performed a t  t h e  Peebles T e s t  Operation, 
General E l e c t r i c ' s  outdoor test s i te .  This test f a c i l i t y  permits  f u l l - s c a l e  
engine measurements of a c o u s t i c  and aerodynamic performance c h a r a c t e r i s t i c s .  
Figure 29 shows an aerial  view of t h e  engine test sound f i e l d .  

Acoustic da t a  were recorded using 16 c a l i b r a t e d  microphones loca ted  on a 
150-foot (45.7-m) a r c .  The microphones were pos i t ioned  a t  10-degree i n t e r v a l s  
from 10" t o  160' as  measured from the  engine c e n t e r l i n e  a t  t h e  axial p o s i t i o n  
of the  r o t o r  lead ing  edge. These microphones were a t tached  t o  towers a t  a 
height  of 40 f e e t  (12.2 m) above the  l e v e l  sound f i e l d  s u r f a c e  covered wi th  
gravel ,  i n  order  t o  .simulate ground r e f l e c t i o n s  t y p i c a l  of f ly-over condi t ions .  
In  t h a t  t he  engine c e n t e r l i n e  he ight  w a s  1 3  f e e t  (4.0 m), t h e  a c t u a l  d i s t ance  
from the  cen te r  of t h e  sound f i e l d  a t  the  f a n  r o t o r  t o  each ind iv idua l  
microphone w a s  about 152.5 f e e t  (46.5 m) . 

For Engine A, no i se  l e v e l s  were measured f o r  11 conf igura t ions .  I n  a l l ,  
107 hours of acous t i c  and aerodynamic t e s t i n g  w e r e  completed a t  t h e  Peebles  
site with Engine A. 
recorded a t  seven speed po in t s  (p lus  r epea t  runs  f o r  v a l i d a t i o n ) .  

F a r f i e l d  acous t i c  da t a  f o r  each conf igura t ion  w e r e  

For Engine Cy no i se  l e v e l s  w e r e  measured f o r  13 engine conf igura t ions .  
I n  a l l ,  144 hours of acous t i c  and aerodynamic t e s t i n g  were completed a t  t h e  
Peebles s i te  with Engine C. 
conf igura t ion  a t  s i x  speed po in t s  (with r e p e a t s ) .  

F a r f i e l d  acous t i c  d a t a  were recorded f o r  each 
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Res t r i c t ions  were imposed on acous t i c  t e s t i n g  t o  a s su re  r e l i a b l e  da t a .  
Thus, appropr ia te  "windows" f o r  maximum al lowable winds and range of relative 
humidity were es t ab l i shed .  No t e s t i n g  w a s  conducted wi th  water o r  snow 
accumulation on the  sound f i e l d ,  o r  with r a i n ,  snow, o r  fog  condi t ions .  
Aerodynamic ins t rumenta t ion  w a s  removed dur ing  a c o u s t i c  d a t a  a c q u i s i t i o n .  

2. Engine A T e s t  Configurat ions 

I n  order  t o  i n v e s t i g a t e  lowfan-speed engine c h a r a c t e r i s t i c s  and appl i -  
cable  noise  reduct ion  techniques, Engine A w a s  cons t ruc ted .  This 22,000 
pound (97,900N) t h r u s t  class turbofan engine w a s  based on a new, low-tip- 
speed, s ing le-s tage  fan,  designed a t  the  a l t i t u d e  c r u i s e  condi t ion  f o r  a 
cor rec ted  t i p  speed of 1160 f t / s e c  (353.6 m/sec), a t  a bypass pressure  r a t i o  
of 1.5,  with a cor rec ted  f a n  flow of  950 lb s / sec  (430.9 kg/sec) .  
I11 of t h i s  r e p o r t  as w e l l  as Reference 21 f o r  complete information on t h e  
engine. 

See Sec t ion  

Eleven conf igura t ions  were examined t o  determine t h e  e f f e c t  of design/ 
treatment v a r i a t i o n s  on t h e  engine system's no i se  c h a r a c t e r i s t i c s .  
p a r t i c u l a r ,  t he  fol lowing f e a t u r e s  w e r e  inves t iga ted :  f a n  frame t reatment ,  
(base l ine ) ,  co re  engine exhaust t reatment ,  engine i n l e t  designs,  duc t  s p l i t t e r  
treatment,  engine cas ing  wrapping, and engine opera t ing  l i n e  (var ious exhaust 
nozzle s i z e s ) .  Figures  30 and 31 show two examples of  Engine A conf igura t ions  
mounted on the  test s tand ,  both being "Frame Treatment" conf igura t ions ,  one 
having a bellmouth i n l e t ,  and t h e  o the r  a "thick-lip" i n l e t .  Details of t h e  
conf igura t ions  are discussed i n  Reference 21. 

I n  

3. Engine A Acoustic T e s t  Resul ts  

A l l  of the  s t a t i c  engine test da ta  were ex t rapola ted  t o  t h e  200-foot 
(6F-m) s i d e l i n e .  The Engine A f r o n t  and a f t  quadrant maximum perceived n o i s e  
l e v e l s  are summarized i n  Table X f o r  t he  approach and take-off power s e t t i n g s .  
The engine conf igura t ions  of Table X are coded t o  those  shown i n  Figure 32, 
where the var ious  Engine A acous t i c  t reatment  conf igura t ions  are d e t a i l e d .  

The "baseline'l Engine A conf igura t ion  inves t iga t ed  contained acous t i c  
treatment i n  the  f a n  frame and compressor i n l e t  only.  The a c o u s t i c  w a l l  
t reatment f o r  t h i s  "frame-treated" conf igura t ion  i s  shown as Configurat ion 1 
on Figure 32. Evaluation of  t h e  acous t i c  test r e s u l t s  showed t h a t  t h e  
maximum PNL a t  the  200-foot (61-m) s i d e l i n e  produced a t  a given t h r u s t  w i th  
t h i s  conf igura t ion  w a s  lowest f o r  t h e  l a r g e  nozzle and h ighes t  w i th  t h e  s m a l l  
nozzle. The highest  levels were i n  the  neighborhood of t h e  take-off power 
s e t t i n g ,  above which t h e  maximum PNL's remained s t eady  o r  decreased s l i g h t l y .  

The f a n  fundamental and harmonics w e r e  t h e  most prominent s p e c t r a l  charac- 
teristics of t h i s  f a n  ( e spec ia l ly  a t  t h e  take-off power s e t t i n g ) .  It w a s  
observed f o r  t h e  "frame-treated" conf igura t ion  t h a t  t h e  fundamental s tood ou t  
i n  the  f r o n t  quadrant while  t he  second harmonic w a s  very prominent i n  t h e  a f t  
quadrant Although ope ra t ion  of t h e  "frame-treated" conf igura t ion  wi th  t h e  
l a r g e  nozzle d id  produce t h e  lowest no i se  l e v e l s  of  t h e  t h r e e  ope ra t ing  l i n e s  
examined, t he  p r e t e s t  SFC requirements f o r  c r u i s e  could not  be  m e t  wi th  t h e  
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l a rge  nozzle. Thus, of t h e  th ree  opera t ing  l i n e s ,  t h a t  with t h e  nominal 
nozzle became the  most acceptable ,  a c o u s t i c a l l y  and aerodynamically. 

An attempt w a s  made t o  determine the  e f f e c t  of  t r e a t i n g  t h e  c o r e  exhaust 
duct by inves t iga t ing  d i f f e rences  between r e s u l t s  of t h e  t r e a t e d  f a n  frame 
conf igura t ions  with "hardwall" (Configuration 1 of Figure 32) and " t reated" 
core (Configurations 1 , 2  of Figure 32) nozzles.  Comparisons of PNL d i rec-  
t i v i t i e s  and SPL and PWL spec t r a  i d e n t i f i e d  t h e  con t r ibu t ion  of no i se  
r ad ia t ed  from the  core exhaust t o  o v e r a l l  engine f a r f i e l d  no i se  l e v e l s .  The 
200-foot (61-m) s i d e l i n e  perceived noise  measurements gene ra l ly  ind ica ted  
some reduct ions with the  i n s t a l l a t i o n  of t h e  a d d i t i o n a l  treatment.  The 
perceived noise  i n  both  quadrants decreased a t  low speed and, i n  t h e  a f t  
quadrant, a t  90% fan  speed. However, t he  reduct ions relative t o  t h e  "frame- 
t reated ' '  case were only 1 .0  PNdB and 0.7 PNdB f o r  t h e  maximum perceived n o i s e  
a t  the  approach and take-off power s e t t i n g s ,  respec t ive ly ,  due t o  high levels 
of fan noise .  

%e 120" approach spec t r a  ind ica ted  t h a t  t h e  broadband no i se  of the  
t r ea t ed  core nozzle" had been reduced a small amount a t  a l l  f requencies  above 

1000 Hz. The l a r g e s t  reduct ion  occurred i n  t h e  6.3 kHz band, t h e  band contain- 
ing the low pressure  tu rb ine ' s  f i r s t  s t age  blade passing frequency. 
narrowbands of f a r f i e l d  da t a  a t  t h i s  angle  ind ica ted  a "haystack" of no i se  a t  
approximately 6300 Hz f o r  both configurat ions.  Probe da ta  f o r  these  config- 
ura t ions ,  however, ind ica ted  t h a t  the  fundamentals f o r  t h e  low pressure  tu rb ine  
s t ages  were sharp tones i n  t h e  core  exhaust duct .  These tones w e r e  apparent ly  
modulated as they rad ia ted  through the  coannular jets.  

11 

The 

Three Engine A conf igura t ions  were examined t o  determine t h e  e f f e c t  of 
i n l e t  design on o v e r a l l  engine noise  c h a r a c t e r i s t i c s .  Each conf igura t ion  had 
the  same fan  frame acous t i c  treatment (Element 1 )  and t h e  core  exhaust treat- 
ment shown as Element 2 on Figure 32. The i n l e t  designs s e l e c t e d  f o r  t h e  
comparisons w e r e :  (1) a standard re ference  bellmouth, (2) a th i ck - l ip  f l i g h t  
inlet, and (3) a th in- l ip  f l i g h t  i n l e t  with blow-in doors. The blow-in doors 
of the " thin- l ip  i n l e t "  were f ixed  t o  s i m u l a t e  t he  open p o s i t i o n  f o r  t h e  
durat ion of the  t e s t i n g  a t  a l l  t h rus t s .  The in le t  design had a measurable 
e f f e c t  on the  o v e r a l l  engine noise  s igna ture .  The bellmouth produced lower 
noise c h a r a c t e r i s t i c s  than e i t h e r  of the  f l i g h t  i n l e t s  examined, and t h e  
thick-l ip  f l i ,ght  i n l e t  w a s  qu ie t e r  than t h e  blow-in door i n l e t .  Although 
these r e s u l t s  were based on noise  measurements of conf igura t ions  employing 
the l a rge  f an  exhaust nozzle, no d i f f e rence  i n  t h e  r e l a t i v e  magnitudes of 
no ise  l e v e l s  would be an t i c ipa t ed  f o r  opera t ion  with t h e  nominal exhaust nozzle.  

To determine the  e f f e c t  of increas ing  the  f a n  duct treatment,  da t a  from 

The "extended treatment" conf i g u r a t i o n  incorporated 
the  "extended f a n  duct treatment" configurat ion were examined and compared t o  
the  "baseline" r e s u l t s .  
a d d i t i o n a l  suppression material forward and a f t  of the  f a n  frame t reatment .  
The loca t ion  of the  extended acous t i c  w a l l  t reatment i s  shown i n  Figure 32 
as Element 3. 
of the  maximum l e v e l s  w e r e  a t t a i n e d  as t h r u s t  w a s  increased up t o  t h e  take-off 
t h rus t  l eve l ,  above which the  base l ine  maximum levels f l a t t e n e d .  The base l ine  
maximum l e v e l s  occurred i n  t h e  a f t  quadrant f o r  each t h r u s t .  

Evaluation of t he  acous t ic  da ta  showed t h a t  g r e a t e r  reduct ion  

On t h e  o the r  
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hand, the  angles  a t  which t h e  maximum PNL for  t h e  "extended duc t  treatment" 
configurat ion occurred s h i f t e d  from the  f r o n t  quadrant a t  approach t o  t h e  a f t  
quadrant a t  takeoff ,  t h e  maximum f r o n t  and a f t  levels being approximately the 
same a t  in te rmedia te  t h r u s t s .  
t o  t h i s  treatment w a s  4 PNdB a t  approach and 4 . 3  PNdB a t  take-off power 
s e t t i n g s .  

The reduct ion  i n  maximum a f t  quadrant noise due 

To determine the  e f f e c t  of adding s p l i t t e r s  t o  t h e  f a n  duct ,  t h e  a c o u s t i c  
test r e s u l t s  f o r  two conf igura t ions  containing s p l i t t e r  treatment v a r i a t i o n s  
were examined and compared t o  t h e  "baseline" r e s u l t s .  One conf igura t ion  
("long in l e t " )  contained a f t  s p l i t t e r  treatment i n  t h e  f a n  exhaust duc t  - 
Configuration 1, 2 ,  3 ,  4 of Figure 3 2 .  The second conf igura t ion  ("ful ly  
suppressed") incorporated f o r e  and a f t  s p l i t t e r  t reatments  cons i s t ing  of t h e  
same s i n g l e  s p l i t t e r  i n  the  f a n  exhaust duct and t h r e e  s p l i t t e r s  i n  t h e  i n l e t  
duct (Configuration 1, 2 ,  3 ,  4 ,  5 of Figure 3 2 ) .  The rear maximum PNL w a s  
near ly  the  same f o r  the  "long i n l e t "  and " fu l ly  suppressed" conf igura t ions  - 
6 t o  8 PNdB below t h e  "frame treatment" configurat ion.  
t he  "long i n l e t "  w e r e  6-8 PNdB lower than the  "frame treatment" whi le  t h e  
" fu l ly  suppressed" conf igura t ion  r e su l t ed  i n  a no i se  reduct ion of from 9 t o  
10 PNdB r e l a t i v e  to  the  "frame-treated" data .  It should b e  pointed ou t  t h a t  
the a c o u s t i c a l l y  t r ea t ed  s p l i t t e r s  incorporated i n  t h e  Engine A i n l e t  and 
exhaust duc ts  were not  optimized f o r  the  aerodynamic environment of t hese  
ducts .  (See Reference 21). I n s e r t i n g  t h e  a f t  s p l i t t e r s  i n  t h e  exhaust duc t  
with Mach numbers i n  excess of 0.5 introduced t h r u s t  losses of 4% - 5% a t  
takeoff and probably increased broadband noise  generat ion.  
i f  s p l i t t e r  treatment were t o  be  s p e c i f i c a l l y  designed f o r  Engine A appl ica-  
t i o n  (both aerodynamically and a c o u s t i c a l l y ) ,  t h e  r e s u l t i n g  engine n o i s e  would 
have been less than the  test r e s u l t s  ind ica ted .  However, t hese  d a t a  are 
rep resen ta t ive  of t he  suppression c h a r a c t e r i s t i c s  t o  be  a n t i c i p a t e d  from such 
design f ea tu res .  

The f r o n t  l e v e l s  wi th  

It i s  expected t h a t ,  

To determine the  amount of no i se  from the  engine cas ing  relative t o  t h a t  
from the  inlet  and t h e  exhaust,  t he  engine with t h e  " fu l ly  suppressed" config- 
ura t ion  (Configuration 1, 2 ,  3 ,  4 ,  5 of Figure 3 2 )  w a s  wrapped with 2 inches 
(0.51 cm) of Scottfoam and l ead  v iny l  shee t s  from j u s t  a f t  of t h e  bellmouth 
t o  j u s t  forward of the  f a n  exhaust.  The v a r i a t i o n  of maximum s i d e l i n e  perceived 
noise  with t h r u s t  w a s  b a s i c a l l y  the  same f o r  t h e  " fu l ly  suppressed" config- 
u ra t ion  both with and without the  wrapped casing.  Any s u b s t a n t i a l  cas ing  
r ad ia t ion  would have been ind ica ted  by a s i g n i f i c a n t  no i se  reduct ion  when 
the  cas ing  w a s  wrapped i n  the  " fu l ly  suppressed" configurat ion,  i n  t h a t  n o i s e  
propagating from t h e  f a n  i n l e t  and exhaust had already been s i g n i f i c a n t l y  
suppressed. 
of less than 1 PNdB were observed a t  take-off and approach power s e t t i n g s .  

Only s l i g h t  cas ing  r a d i a t i o n  w a s  ev ident ,  i n  t h a t  no i se  reduct ions  

Further  acous t i c  da t a  comparisons were made wi th  the  f u l l y  suppressed 
conf igura t ion  with t r e a t e d  core nozzle (Configuration 1, 2 ,  3 ,  4 ,  5 of 
Figure 3 2 )  and wi th  "hardwall" core exhaust (Configuration 1, 3 ,  4 ,  5 of 
Figure 3 2 ) .  Comparisons of PNL d i r e c t i v i t i e s ,  SPL, and PWL ind ica t ed  t h e  
e f f ec t iveness  of t h e  co re  exhaust po r t ion  of the  engine a c o u s t i c  treatment.  
However, t he  200-foot (61-m) s i d e l i n e  perceived noise  measurements showed 
t h a t ,  cont ra ry  to  a n t i c i p a t e d  r e s u l t s ,  t h e  a d d i t i o n  of the  co re  nozzle treatment 
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did not reduce perceived noise  levels;  and, i n  f a c t ,  t he re  were ind ica t ions  of  
small inc reases  p a r t i c u l a r l y  i n  the  f r o n t  quadrant.  The only n o i s e  reduct ion 
observed occurred a t  120' f o r  the  60% and 70% f a n  speeds. Again, t h e  r e s i d u a l  
f an  and j e t  noise  precluded measurement of f a r f i e l d  engine no i se  reduct ion  on  
a PNL bas i s .  
tone content .  Reference 22 conta ins  a d d i t i o n a l  information on these  suppressed 
core da ta .  It w a s  genera l ly  concluded t h a t  t he re  was  l i t t l e  n o i s e  con t r ibu t ion  
from the  turbine,  even w i t h  f1111  suppression of f a n  noise .  

However, narrowband ana lys i s  d id  show decreases  i n  the  turb ine  

Complete information on t h e  Engine A acous t i c  r e s u l t s  i s  given i n  
Reference 21. Resul ts  of de t a i l ed  engine acous t i c s  i nves t iga t ions  u t i l i z i n g  
i n t e r n a l  acous t i c  probes, a broadside d i r e c t i o n a l  a r ray ,  and a nea r f i e ld  
microphone f i e l d  are given i n  Reference 22. (See also Sec t ion  V of t h i s  
r epor t  . ) 

4 .  Engine A Flyover Noise Pro jec t ions  

Although Engine A was not  designed f o r  a c t u a l  f l i g h t  app l i ca t ion ,  an  
ind ica t ion  of the  p o t e n t i a l  reduct ion a v a i l a b l e  from t h e  app l i ca t ion  of 
technology evolving from t h i s  program t o  a c t u a l  f l i g h t  hardware can b e  
obtained by p ro jec t ing  ground s t a t i c  r e s u l t s  t o  i n - f l i g h t  condi t ions .  Effec- 
t i v e  perceived noise  l e v e l s  (EPNL's) ( see  Reference 23) were pro jec ted  f o r  
landing approach and take-off f l i g h t  p r o f i l e s  of a r ep resen ta t ive  o l d e r  four- 
engine a i r c r a f t  of the  cu r ren t  c i v i l  f l e e t .  
powered by three  bas i c  Engine A conf igura t ions  are compared t o  t h e  o l d e r  air- 
c r a f t  l e v e l s  and t o  t h e  FAR-36 limits i n  Table X I .  

The pro jec ted  EPNL's f o r  a i r c r a f t  

Although the  s p l i t t e r s  incorporated i n  t h i s  suppressed conf igura t ion  were 
ne i the r  aerodynamically contoured nor t a i l o r e d  t o  the  no i se  s igna tu re  of 
Engine A (an e x i s t i n g  i n l e t  s p l i t t e r  assembly w a s  u t i l i z e d ) ,  t h e  ind ica t ed  
noise  l e v e l s  a r e  r ep resen ta t ive  of the  suppression c h a r a c t e r i s t i c s  of such 
design f ea tu res .  
highly suppressed configurat ion.  (See Reference 24, as w e l l  as Sect ion V I  
of t h i s  r epor t  . ) 

Note t h a t  an  economic penal ty  i s  assoc ia ted  wi th  any such 

The f l i g h t  no ise  l e v e l s  €or  t h i s  c l a s s  of a i r c r a f t  w e r e  considerably below 
the FAR-36 requirements. 
had c a l l e d  f o r  an  engine 15-20 PNdB qu ie t e r  than cu r ren t ly  a v a i l a b l e  engines 
i n  the  same t h r u s t  c l a s s .  Table X I  i nd ica t e s  t h a t  t he  pred ic ted  acous t i c  
performance of an o lder ,  l a r g e  four-engine a i r c r a f t  powered by fou r  A-type 
engines with duct w a l l  t reatment shows noise  reduct ions of more than 20 EPNdB 
relative t o  the  o lde r  a i r c r a f t  and 8 EPNdB r e l a t i v e  t o  FAR-36. Further ,  
the  pro jec ted  noise  l e v e l s  of t he  a i r c r a f t  powered by four  ful ly-suppressed 
Engines A are more than 25 EPIJdB below those of t h e  o lder  a i r c r a f t  and more 
than 13 EPNdB below FAR-36. 

The goals  f o r  t he  Experimental Quiet Engine Program 

In  the  f lyover  noise  pro jec t ions  f o r  Engine A, t he  ground s ta t ic  da ta  
were ad jus ted  f o r  the  number of engines, t h e  Doppler e f f e c t ,  t h e  range from 
the a i r p l a n e  t o  the  microphone, and f o r  ground and atmospheric a t t enua t ion .  
In  addi t ion ,  adjustments w e r e  made t o  account f o r  t h e  " r e l a t i v e  v e l o c i t y  
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ef fec t . ' '  
p r ed ic t  t h e  s t a t f c  and f l i g h t  plax@num angle,  j e t  s p e c t r a  from cycle  da t a  f o r  
the fan and core j e t s ,  These statfc and f l2gh t  s p e c t r a  were a r i t h m e t i c a l l y  
sub t r ac t ed  from one another. The max;tmm angle s p e c t r a l  d i f f e rence  was then 
a r i t h m e t i c a l l y  sub t r ac t ed  from the s ta t ic  test r e s u l t s  f o r  those  angles and 
over those  po r t ions  of the test s p e c t r a  determfned t o  be jet  noise .  The je t  
no i se  po r t ions  of the s p e c t r a  were determined by examAn2ng comparisons of 
t h e  test d a t a  and t h e  pred ic ted  stat2.c j e t  s p e c t r a  on an ind lv ldua l  bas i s .  

The SAE method described i n  ATR 876 (Reference 25) w a s  used t o  

Table X I .  Noise Levels a t  FAR-36 Reference Po in t s  (Reference 23) ,  
Older A i r c r a f t  Conffguration wi th  Engine A. 

118.0 EPNdB 

Quiet Engine A with Fan 
Frame Treatment (Baseline) * 100.3 EPNdB I 98.4 EPNdB 

Quiet Engine A with 
Extended Fan Duct 
Treatment* 95.1 EPNdB 

Quiet Engine A Fully 
Suppressed* 92.5 EPNdB 89.2 EPNdB 

5. Engine A Aero T e s t  Results 

Detailed performance d a t a  were taken with the  following conf igura t ions :  

Type of I n l e t  

Bellmouth 

Bellmouth 

Bellmou t h 

Bellmouth 

Thick-Lip 

Thick-Lip 

Thick -Lip 

Thin-Lip w/Blow-in Doors 

Fan Nozzle Area 

1790 in2  (11548 cm ) 

1700 in2 (10968 cm ) 

1980 i n  (12774 cm ) 

1790 in2  (11548 cm ) 

1790 in2 (11548 cm2) 

1700 in2 (10968 cm ) 

1980 i n  (12774 cm ) 

1980 i n  (12774 cm ) 

2 

2 
2 2 

2 

2 

2 2 

2 2 

Core Nozzle Area 

552 i n 2  (3561 cm2) 

552 i n  (3561 cm ) 

552 i n  (3561 cm ) 

577 i n  (3723 cm ) 

577 i n  (3723 cm ) 

577 i n  (3723 cm ) 

577 i n  (3723 cm ) 

577 i n  (3723 cm ) 

2 2 

2 2 

2 2 

2 2 

2 2 

2 2 

2 2 
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The engAne test d a t a  Here analyzed and cRanges made t o  the Engfne A 
computer "Status Deck" so tkat f t  duplfcated as closely.  as possfb le  the 
measured SLS performance o f  the engfne. 
t he  s t a t u s  deck t o  cover a &de range of Mach numbers, a l t f t u d e s ,  and power 
s e t t i n g s .  These da t a  can be found i n  Reference 28, Wfth the  nomina 
exhaust nozzle  i n s t a l l e d ,  o v e r a l l  engine performance (as defined by 
deck) compares t o  the  Experimental Quiet Engine Program Work Statement, as 
shown i n  Table X I T .  

Cycle data were tRen generated wl th  

A t  take-off speed and power, the th ick- l ip  i n l e t  produced 2.9% t o t a l -  
p ressure  d i s t o r t i o n  with a pressure  recovery of 0.995. The th in - l ip ,  blow-in- 
door i n l e t  produced 11.2% to ta l -pressure  d i s t o r t i o n  with a pressure  recovery 
of 0.980. Percent d i s t o r t i o n  here  is defined as (P - 

T max. 'T min.)"T max.' 

The engine run with s p l i t t e r s ,  t h ree  i n  t h e  i n l e t  and one i n  the  fan 
exhaust duc t ,  ind ica ted  a t h r u s t  l o s s  a t  take-off speed of 5.5%. The major 
cause of the  performance l o s s  w a s  a t t r i b u t e d  t o  excessive pressure  l o s s  i n  
the  fan exhaust duct due t o  high v e l o c i t i e s  ac ross  t h e  s p l i t t e r .  Fan duct 
ve loc i ty  increases  of 15% t o  20% were est imated with the  s p l i t t e r .  

Complete information on Engine A performance is  given i n  Reference 28. 

6 .  Engine C T e s t  Configurations 

I n  order  t o  i n v e s t i g a t e  high fan  speed engine c h a r a c t e r i s t i c s  and appl i -  
cable  no i se  reduct ion techniques,  Engine C w a s  constructed.  This engine 
w a s  based on a new high-tip-speed, s ingle-s tage f an ,  designed a t  the  a l t i t u d e  
c ru ise  condi t ion f o r  a corrected t i p  speed of 1550 f t / s e c  (472 m/sec), a t  a 
bypass pressure r a t i o  of 1 . 6 ,  and a t  a cor rec ted  fan flow of 915 l b s / s e c  
(415 kg/sec) .  See Sect ion I11 of t h i s  repor t  (as w e l l  as Reference 29) f o r  
complete information on the  engine.  

Thi r teen  configurat ions w e r e  examined t o  determine t h e  e f f e c t  of design/ 
treatment v a r i a t i o n s  on the  engine system's no i se  c h a r a c t e r i s t i c s .  I n  p a r t i -  
cu l a r  t he  following f ea tu res  were inves t iga ted :  fan frame t reatment ,  i n l e t  
acous t ic  treatment designs,  duct s p l i t t e r  t reatment ,  core engine exhaust 
t reatment ,  coplanar exhaust nozz les ,  and engine operat ing l i n e  (var ious 
exhaust nozzle  s i z e s ) .  Figures 33 and 34 show two examples of Engine C con- 
f igu ra t ions  mounted on the  tes t  s t and ,  t he  "frame treatment' '  and " fu l ly  
suppressed" configurat ions.  Details of the  configurat ions are discussed i n  
Reference 29. 

7. Engine C Acoustic T e s t  Resul ts  

S t a t i c  engine test  da t a  w e r e  ex t rapola ted  t o  t h e  200-foot (61-1111 s i d e l i n e .  
The Engine C f r o n t  and a f t  quadrant maximum perceived no i se  l e v e l s  are 
summarized i n  Table X I 1 1  
engine configurat ions of 
where the  var ious Engine 

f o r  t h e  approach and 
Table X I 1 1  are coded 
C acous t i c  t reatment  

take-off power 
t o  those shown 
configurat ions 

s e t t i n g s .  The 
i n  Figure 35 
are de ta i l ed .  
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Figure 33. -Quiet Engine C, Frame-Treated Configuration on Test Stand. 
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Figure 34. Quiet Engine C, Fully Suppressed Configuration on 
Test Stand. 
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The ''Baselfne" E n g b e  C conffgura t ion  fnves t iga t ed  contazned a c o u s t i c  
treatment i n  the fan frame and fn the compressor f n l e t ,  
acous t i c  w a l l  treatment f o r  t h f s  "frame-treated" conf igu ra t ton  are shown i n  
Figure 35 (Configuration 1 ) .  Evaluat ion of the "framertreated" acous t i c  d a t a  
a t  the  200-foot (61-1~) s i d e l i n e  shows t h a t  t h e  perceived n o i s e  a t  each angle  
genera l ly  increased  ~ t A  successfve ly  h2gher fan speeds,  a l though the f r o n t  
quadrant n o i s e  l e v e l s  a t  80% were very s i m i l a r  t o  those  at 90% fan  speed. 
each speed t h e  maximum perceived n o i s e  occurred i n  t h e  f r o n t  quadrant  a t  e i t h e r  
50' o r  60".  The comparison of maximum perceived no i se  i n  t h e  f r o n t  quadrant 
and i n  t h e  a f t  quadrant l ikewise  ind ica t ed  t h a t  t h e  n o i s e  levels were h igher  
i n  the  f r o n t  quadrant a t  a l l  fan speeds. While the  a f t  maximum levels increased  
smoothly between the  approach and take-off power s e t t i n g s ,  t h e  maximum l e v e l s  
i n  t h e  f r o n t  increased  sharp ly  between 12,500 pounds (55,656 N) of t h r u s t  and 
16,300 pounds (72,535 N)  of t h r u s t .  A t  t hese  d a t a  po in t s  t h e  engine t h r u s t  
l e v e l s  corresponded t o  70% and 80% fan  speeds, r e spec t ive ly .  
supersonic phenomenon of m u l t i p l e  pure tones (MF'T's) occurred between these  
po in t s .  The MPT's c h a r a c t e r i s t i c a l l y  make a major con t r ibu t ion  t o  no i se  a t  
frequencies below t h e  blade passing frequency ( a t  mu l t ip l e s  of t h e  fan r o t o r  
s h a f t  r evo lu t ions )  when the  fan  r o t o r  t i p  relative Mach number exceeds un i ty .  

Details of t h e  

A t  

Onset of t he  

Engine C w a s  t e s t e d  with two a d d i t i o n a l  fan exhaust nozzles t o  i n v e s t i g a t e  
t h e  e f f e c t  of t h e  v a r i a t i o n  of t h e  engine opera t ing  l i n e  on t h e  engine ' s  
performance and acous t i c  c h a r a c t e r i s t i c s .  The design area of t h e  fan  exhaust 
nozz le  w a s  1539 square inches (0.99 TI?). 
and 10% l a r g e r  i n  area. 
each of t h e  t h r e e  nozz les .  Only s m a l l  changes i n  t h e  engine's  a c o u s t i c  
c h a r a c t e r i s t i c s  due t o  t h e  exhaust nozz le  changes were found. 

The o t h e r  nozz les  w e r e  10% smaller 
The "frame-treated" conf igura t ion  w a s  t e s t e d  with 

S u b s t a n t i a l  acous t i c  treatment w a s  added t o  the  b a s i c  engine conf igura t ion  
i n  order  t o  s u p p r e s s  fan  no i se .  The goal of t he  a c o u s t i c  treatment design 
w a s  t o  achieve n o i s e  l e v e l s  which w e r e  similar i n  magnitude t o  those  recorded 
f o r  t he  "fully-suppressed" Engine A. A contoured i n l e t  which incorporated 
single-degree-of-freedom (SDOF) w a l l  t reatment replaced the  b a s i c  fan i n l e t .  
The contoured i n l e t  included a four-ring s p l i t t e r  system. 
Two cas ings  with t h i c k  treatment f o r  MPT suppression w e r e  a l s o  added forward 
of t h e  fan frame. I n  a d d i t i o n ,  the fan duct w a s  replaced with a long exhaust 
duct which incorporated an exhaust s p l i t t e r  and extended SDOF a c o u s t i c  w a l l  
t reatment.  The exhaust duct w a s  designed f o r  low Mach number flow i n  order  t o  
inc rease  t h e  e f f e c t i v e n e s s  of t h e  acous t i c  treatment and t o  reduce flow scrubbing 
no i se .  The engine w a s  a l s o  wrapped with lead v i n y l  and polyurethane foam t o  
prevent cas ing  r a d i a t i o n .  
t o t a l l y  suppressed conf igura t ion  are presented i n  Figure 35 (Configuration 1, 
2 ,  3 ,  4 ,  5 ,  6 ,  7a, 7b, 7c ,  7d). 

(See Reference 29). 

Further d e t a i l s  of t he  a c o u s t i c  t rea tment  of t h e  

Large reduct ions  of perceived no i se  were achieved a t  each engine speed, 

I n  p a r t i c u l a r ,  t h e  g r e a t e s t  reduct ions  r e l a t i v e  t o  "frame-treated" 
r e l a t i v e  t o  t h e  "baseline" no i se  l e v e l s  f o r  the "fully-suppressed" configura- 
t i o n .  
no i se  l e v e l s  w e r e  a t t a i n e d  i n  the  f r o n t  quadrant. The angles of maximum 
perceived no i se  s h i f t e d  from 50" t o  60" f o r  t h e  "baseline" t o  110' t o  120' 
f o r  t he  "fully-suppressed" conf igura t ion .  A t  t h e  approach power s e t t i n g  
(60% fan speed) , s i g n i f i c a n t  reductions of t h e  "baseline" n o i s e  l e v e l s  f o r  each 
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angle  were achieved i n  both  the f r o n t  quadrant,  from 7,s t o  12.6 PNdB, and i n  
the  rear quadrant,  from 4,5 t o  7.3 PNdB, 
by j e t ,  t u rb ine ,  and fan  duct  broadband notse .  The m a x f n u m  perceived no i se ,  
which occurred a t  60" f o r  t R e  base l ine ,  was  suppressed 12.1 PNdB by t h e  addi- 
t i o n  of t he  f u l l  acous t i c  t reatment ,  However, since less reduct ion  w a s  
a t t a i n e d  a t  t h e  adjacent  angles ,  t h e  forward "maxtmum" angle  for t h e  " fu l ly-  
suppressed' '  conf igura t ion  s h i f t e d  t o  70°, and the  "maximum-tomaximum'' 
reduct ion w a s  only 11.1 PNdB, 

Fur ther  n o i s e  reductfon was prevented 

Large n o i s e  reduct ions w e r e  a l s o  achieved a t  a l l  angles  a t  takeoff  w i t h  
t h e  " f u l l y  suppressed" conf igura t ion .  The g r e a t e s t  reduct ions w e r e  a t t a i n e d  
i n  the  f r o n t  quadrant;  14  PNdB suppression o r  more w a s  found f o r  each angle  
from 20" t o  70". The g r e a t e s t  suppression,  17.2 PNdB, occurred a t  50". However, 
t h e  "maximum-to-maximum" reduct ion i n  t h e  f r o n t  quadrant w a s  only 15.1 PNdB. 
The amount of reduct ion demonstrated f o r  each angle  decreased from the  50" angle  
t o  150" where the  "frame-treated" level  w a s  suppressed by 4.6 PNdB. 
the  "frame-treated" a f t  maximum PNL w a s  reduced 8.1 PNdB t o  110.7 PNdb. 
Further  a f t  no ise  reduct ion  w a s  prevented by j e t  and fan  duct broadband noise .  
Thus, l a r g e  reduct ions of t he  base l ine  no i se  l e v e l s  w e r e  achieved with the  
f u l l  acous t i c  t reatment  f o r  Engine C. The g r e a t e s t  amounts of suppression 
were achieved i n  t h e  f r o n t  quadrant.  The MPT's and t h e  fundamental and fan  
harmonics c h a r a c t e r i s t i c  of the  "frame-treated" conf igura t ion  were v i r t u a l l y  
e l iminated from the  " fu l ly  suppressed'' r e s u l t s .  However, tu rb ine /core- re la ted  
no i se  appeared t o  have he ld  t h e  o v e r a l l  engine l e v e l s  up a t  t h e  approach power 
s e t t i n g .  
wi th  suppressed, lower-tip-speed f a n  engines  w e r e  achieved with suppressed 
higher-tip-speed f a n  engines.  

A t  llOo, 

It w a s  concluded t h a t  n o i s e  l e v e l s  no g r a t e r  t b n  those a t t a i n e d  

The n o i s e  reduct ion aspec ts  of t he  fan exhaust duct of t h e  " fu l ly  
suppressed" engine were f ea tu res  of p a r t i c u l a r  i n t e r e s t ,  The conventional 
bypass duct had been completely replaced by an exhaust duct and s p l i t t e r  
assembly which w a s  designed f o r  low Mach number flow over  t h e  a c o u s t i c a l l y  
t r e a t e d  w a l l s  and s p l i t t e r .  The con t r ibu t ion  of t he  low Mach number exhaust 
duct design w a s  i nves t iga t ed  by t e s t i n g  an engine conf igura t ion  with the  
convent ional ,  un t rea ted  bypass duct while  t he  i n l e t  w a s  t o t a l l y  suppressed 
(Configuration 1, 2 ,  3, 4 ,  6, 7a, 7b, 7c,  7d of Figure 35). The ZOO-foot 
(61-m)  s i d e l i n e  perceived n o i s e  l e v e l s  of t h e  t o t a l l y  suppressed i n l e t ,  hard  
fan  exhaust conf igura t ion  ( r e fe r r ed  t o  as the  "suppressed i n l e t " )  were compared 
t o  the  no i se  c h a r a c t e r i s t i c s  of the  " fu l ly  suppressed'' conf igura t ion  i n  
order  t o  eva lua te  t h e  e f f ec t iveness  of the  new bypass duct design. T e s t  r e s u l t s  
demonstrated t h a t  suppression of f a n  exhaust no i se  by t h e  s p l i t t e r  and extended 
w a l l  t reatment  occurred a t  every angle  along t h e  s i d e l i n e .  I n  o t h e r  words, 
s i g n i f i c a n t  a c o u s t i c  energy from the  fan exhaust w a s  r a d i a t i n g  i n t o  t h e  
f r o n t  quadrant.  These reduct ions  w e r e  evident  a t  a l l  speeds.  A t  t he  approach 
power s e t t i n g ,  t he  add i t ion  of t h e  s p l i t t e r  and extended t reatment  r e s u l t e d  i n  
suppressions of  2 t o  4 PNdB i n  t h e  f r o n t  quadrant and 5 t o  8 PNdB i n  t h e  a f t  
quadrant. The s p e c t r a l  comparison a t  70" ind ica t ed  t h a t  t h e  " f u l l y  suppressed" 
SPL's were lower at a l l  f requencies .  
a t t a i n e d  with the  s p l i t t e r  and extended w a l l  t reatment .  The f an  exhaust n o i s e  
appeared t o  have been reduced t o  t h e  poin t  where perceived n o i s e  w a s  apparent ly  
con t ro l l ed  by a core n o i s e  f l o o r .  Noise suppression of 5 d B o r  more w a s  

A t  120°, a 5-1/2 PNdB reduct ion w a s  
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achieved from 125Q Hz t o  5000 Hz, w$tR 10 dB a t t a f n e d  An the 4000 Hz band and 
7-1/2 dB i n  tRe 5QOQ Bz band, 

The comparison a t  the t a k e w f f  power s e t t f n g ,  90% speed, fndfca ted  that 
the  i n s t a l l a t i o n  of the low Mach number s p l i t t e r  and extended w a l l  t reatment  
yielded 3-1/2 t o  5-1/2 PNdB reduct ion  i n  the f r o n t  quadrant and 7-1/2 t o  9 PNdB 
reduct ion at the a f t  angles ,  Without t he  bypass duct t reatment ,  f an  funda- 
mental  and harmonic tones  as w e l l  as broadband n o i s e  w e r e  r ad ia t ed  from the 
fan  exhaust. 
were r ad ia t ed  t o  the forward angle  (70") f o r  t h e  suppressed i n l e t  configurat ion.  
A t  t h e  a f t  angle ,  110" from t h e  i n l e t ,  t h e  fundamental and second harmonic tones 
were very prominent. The blade passing frequency tone w a s  about 14 dB h igher  
than the  " fu l ly  suppressed" l e v e l ,  while t h e  second harmonic w a s  11 dB higher  
without t h e  exhaust duct suppression,  The high frequency broadband no i se  w a s  
a l s o  s i g n i f i c a n t l y  higher  f o r  t h e  "suppressed i n l e t "  configurat ion.  
ison of t h e  maximum perceived no i se  l e v e l s  demonstrated t h a t  a reduct ion 
of 4 t o  9 PNdB w a s  achieved by the  add i t ion  of t h e  low Mach number s p l i t t e r  
and t r e a t e d  bypass duct  assembly. 

Both the  blade pass ing  frequency tone and h igher  broadband levels 

A compar- 

Pa r t  of the  sys temat ic  approach t o  determine t h e  ind iv idua l  cont r ibu t ions  
of t he  engine acous t i c  t reatment  w a s  t o  i n v e s t i g a t e  the  c h a r a c t e r i s t i c s  of t he  
no i se  suppression achieved with the  i n l e t  s p l i t t e r s .  The four-ring i n l e t  
s p l i t t e r  system w a s  designed s o  t h a t  t h e  s p l i t t e r s  could be ind iv idua l ly  
removed, s t a r t i n g  with t h e  innermost s p l i t t e r .  I n  t h i s  fash ion  i t  w a s  
poss ib l e  t o  examine the  n o i s e  c h a r a c t e r i s t i c s  f o r  fou r ,  t h ree ,  two, and one 
s p l i t t e r s  as w e l l  as f o r  no s p l i t t e r .  Thus, r e f e r r i n g  t o  Figure 35, tests 
were performed with Configuration 1, 4 ,  5 ,  6 ,  8, as w e l l  as with conf igura t ions  
including Element 7a; 7a and 7b; 7a, 7b, and 7c; and 7a, 7b, 7c, and 7d. 

Details of t h e  s p l i t t e r  system are presented i n  Figure 35. The s p l i t t e r  
and i n l e t  w a l l  t reatment  cons is ted  of two SDOF designs which u t i l i z e d  d i f f e r e n t  
treatment thicknesses  f o r  maximum suppression a t  d i f f e r e n t  f requencies .  
These two designs were pos i t ioned  such t h a t  opposing passage su r faces  had 
s imilar  t rea tment ,  Note t h a t  t h e  i n l e t  with four  s p l i t t e r s  d i f f e r e d  from the  
" fu l ly  suppressed" conf igura t ion ,  i n  t h a t  a hardwall  spool  replaced t h e  deep 
t reatment  f o r  MPT suppression. I n  t h i s  manner it w a s  poss ib l e  t o  determine 
the  amount of MPT suppression a t t a i n e d  with the  s p l i t t e r s .  

In  order  t o  eva lua te  t h e  ZOO-foot (61-m) s i d e l i n e  r e s u l t s ,  t h e  d i rec-  
t i v i t y  and s p e c t r a l  comparisons f o r  t h e  i n l e t  v a r i a t i o n s  w e r e  considered as 
suppression d i f f e rences  as w e l l  as absolu te  no i se  l e v e l s .  The suppression 
d i f f e rences  w e r e  computed r e l a t i v e  t o  the  Itno s p l i t t e r "  r e s u l t s .  The 
perceived no i se  d i r e c t i v i t  ies  f o r  the  var ious s p l i t t e r  conf igura t ions  showed 
t h a t  without s p l i t t e r s  t he  n o i s e  levels showed forward dominance. With the  
add i t ion  of one o r  more i n l e t  s p l i t t e r s ,  however, t h e  maximum PNL genera l ly  
s h i f t e d  to an a f t  angle.  

The g rea t e s t  suppression increment a t t a i n e d  by t h e  add i t ion  of a s p l i t t e r  
w a s  from no s p l i t t e r s  t o  one s p l i t t e r .  S ign i f i can t  reduct ions w e r e  a t t a i n e d  
from 30" t o  90' with t h e  outermost s p l i t t e r .  The add i t ion  of t h e  second and 
t h i r d  s p l i t t e r s  produced f a r  less a d d i t i o n a l  suppression a t  t h e  approach and 
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take-off power s e t t t n g s ,  a l tkough ga ins  a t  the 70% and 80% speeds were 
notewor tw,  
ment at each forward angle  f o r  a l l  speeds. 
no i se  reduct ion  at tRe  extreme forward angles  (10' and 20'). 
second and t h i r d  s p l i t t e r  produced success ive ly  more suppression at these  
angles.  However, the largest a d d i t i o n a l  suppression due t o  the fou r th  s p l i t t e r  
was  a t t a i n e d  at these angles ,  These r e s u l t s  suggest t h a t  t h e  perceived n o i s e  
at the  forward angles  w a s  p r imar i ly  con t ro l l ed  by n o i s e  propagating through 
the  cen te r  of t h e  duct .  I n  c o n t r a s t ,  t reatment  i n  t h e  o u t e r  po r t ion  of t h e  
flowpath ( s i n g l e  s p l i t t e r )  had t h e  g r e a t e s t  e f f e c t  on t h e  engine n o i s e  levels 
measured from 48' t o  80'. 

"he add t t ion  of tRe f o u r t h  s p l f t t e r  yfelded a defin;l te improve- 
The s h g l e  s p l i t t e r  produced no 

Addttion of the 

The s p e c t r a l  comparisons of the  s p l i t t e r  conf igura t ions  showed t h a t ,  f o r  
t he  approach power s e t t i n g  a t  50", a progress ive  s p e c t r a l  suppression occurs  
with increas ing  number of s p l i t t e r s  f o r  t h e  1000-Hz band and above. I n  
p a r t i c u l a r ,  l a r g e  reduct ions of t he  fundamental and second harmonic were 
achieved with both t h r e e  s p l i t t e r s  and with four  s p l i t t e r s ,  The comparison 
f u r t h e r  ind ica ted  t h a t  a n e a r l y  constant  no i se  reduct ion  was a t t a i n e d  with 
the  s i n g l e  s p l i t t e r  f o r  bands from 1000 Hz t o  5000 Hz. The s p e c t r a  a t  120" 
were genera l ly  s l i g h t l y  h igher  than the  "no s p l i t t e r ' '  configurat ion.  This 
w a s  e s p e c i a l l y  t r u e  a t  t h e  h igher  f requencies  f o r  t h e  conf igura t ions  wi th  two 
and th ree  s p l i t t e r s .  

A t  t he  take-off power s e t t i n g ,  t he  s p e c t r a  i n  both t h e  f r o n t  and a f t  
quadrants were dominated by t h e  400-Hz MPT's. 
were achieved a t  70" by t h e  add i t ion  of s p l i t t e r s ,  
genera l ly  followed t h e  same p a t t e r n  as observed at t h e  approach power s e t t i n g .  
The frequency range of t h e  suppression broadened a t  t akeof f ,  and the  amount 
of suppression a t t a i n e d  with t h e  outermost s p l i t t e r s  increased a t  t h e  f r o n t  
quadrant angle .  
porated 73.3 inches (186.2 cm) more i n l e t  wal l  t reatment  than t h e  "baseline" 
i n l e t .  To determine t h e  e f f ec t iveness  of t h i s  a d d i t i o n a l  w a l l  t reatment  and 
length ,  t h e  engine w a s  t e s t e d  with segments of t h i s  t reatment  removed. Four 
v a r i a t i o n s  of w a l l  t reatment  were examined. The e n t i r e  w a l l  t reatment  used 
f o r  t he  t o t a l  engine suppression,  i n  add i t ion  t o  the  frame t reatment  (Element 
1 of Figure 35), cons is ted  o f :  36 inches (91.5 cm) of deep t reatment  f o r  MPT 
suppression constructed of a 24-inch (61-cm) s e c t i o n  (Element 2) and a 12-inch 
(30.5-cm) sec t ion  (Element 3) ; and a 37.3-inch (94.7-cm) contoured s e c t i o n  of 
mixed th ickness  t reatment  (Element 4 ) .  

Large amounts of suppression 
The amount of suppression 

The "long i n l e t "  with 36-inch (91.5-cm) MPT t reatment  incor-  

The following combinations w e r e  t e s t e d :  t he  contoured s e c t i o n  by i t s e l f  
(Configuration 1, 4 ,  5 ,  6 of Figure 35 ) ,  t he  contoured s e c t i o n  p l u s  a 24-inch 
(61-cm) hardwall  spool  t o  increase  t h e  i n l e t  l ength  (Configuration 1, 4,  5 ,  6 ,  
8 ) ,  t h e  contoured s e c t i o n  p lus  t h e  24-inch (61-cm) t r e a t e d  s e c t i o n  (Config- 
u ra t ion  1, 2 ,  4, 5, 6)  and t h e  contoured s e c t i o n  p lus  both the  24-inch 
(61-cm) and the  12-inch (30.5-cm) s e c t i o n s  with t h i c k  t reatment  (Configuration 
1, 2 ,  3 ,  4,  5 ,  6 ) .  

The comparisons of t h e  perceived no i se  d i r e c t i v i t i e s  f o r  t h e s e  i n l e t  
conf igura t ions  showed t h a t  very l i t t l e  e f f e c t  of t he  a d d i t i o n a l  24 inches 
(61 an) of hardwall  l ength  could be observed f o r  t h e  "long i n l e t "  conf igura t ion  
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compared t o  tke r e s u l t s  f o x  the "Contoured Inlet" wtth the exceptfon of t h e  
80% speed. The Anlet w#.tA 24 inckes (61 em] of t h k k  treatment f o r  NPT 
suppression provfded tRe l a r g e s t  hc remen t  of suppression and dfd so over a 
wide range of angles .  The e f f e c t  of t he  addf t iona l  12 fnches (30,5 cm) of 
th i ck  treatment was most evfdent  i n  the f r o n t  angles  of 10" t o  60'. al though 
a t  70% speed s i z e a b l e  reduct ions  were a t t a i n e d  t o  90" with added t reatment .  
Generally 3 t o  6 PNdB suppression of  t he  f r o n t  quadrant n o i s e  levels were 
a t t a i n e d  with the  f u l l  w a l l  t reatment r e l a t i v e  t o  t h e  contoured i n l e t  l e v e l s ,  

The approach s p e c t r a  at 50" indica ted  t h a t  t h e  fundamental, al though 
reduced about 3 dB, continued t o  con t ro l  perceived n o i s e  with t h e  f u l l  w a l l  
t reatment ,  However, t he  broadband no i se  and t h e  bands conta in ing  t h e  fan  
harmonics were reduced from 3 t o  4 dB by both conf igura t ions  wi th  MPT treat- 
ment. A t  120",  t h e  contoured i n l e t  spectrum w a s  reduced a s m a l l  amount by 
each of t h e  o the r  conf igura t ions .  

A t  t he  take-off power s e t t i n g ,  a s i g n i f i c a n t  reduct ion of ME'T noise  w a s  
achieved with the  t h i c k  w a l l  t reatment .  The MPT's a t  400 Hz and 500 Hz w e r e  
reduced approximately 12.5 dB a t  50" and 9 dB at 110" re lat ive t o  t h e  
"Contoured I n l e t "  conf igura t ion .  The suppression due t o  the  t h i c k  t reatment  
extended over a wide range of f requencies  (from 315 Hz t o  10 kHz). A t  50°, 
the  add i t iona l  12 inches (30.5 cm) of t reatment  produced an e x t r a  2 t o  4 dB 
suppressed over  most of t h i s  range. It w a s  concluded t h a t  mu l t ip l e  pure 
tone (MPT) no i se  can be e f f e c t i v e l y  suppressed (although not  completely 
e l imina ted) .  

The f a r f i e l d  r e s u l t s  f o r  t he  "Fully Suppressed" conf igura t ion  (Configuration 
1, 2,  3 ,  4 ,  5,  6 ,  7a, 7b, 7c, 7d of Figure 35) ind ica ted  t h a t  an apparent  core 
noise  f l o o r  held up t h e  approach a f t  quadrant no i se  levels, d e s p i t e  the  
inc lus ion  of core exhaust t reatment  (Element 6 of Figure 35) i n  t h e  engine. 
To determine t h e  e f f ec t iveness  of the  acous t i c , t r ea tmen t  i n  t h e  core  exhaust 
duct ,  these  panels were replaced by hardwall  p ieces  f o r  one set of tests.  
Both of t h e  conf igura t ions  incorporated a contoured i n l e t  with a four-ring 
s p l i t t e r  system, t h i c k  i n l e t  w a l l  t reatment  f o r  MF'T suppression,  fan frame 
t reatment ,  and a low Mach number s p l i t t e r  and extended w a l l  t reatment  i n  the  
bypass duct (Configuration 1, 2 ,  3,  4,  5 ,  7a, 7b, 7c,  7d of Figure 35).  I n  
t h i s  fash ion ,  fan no i se  w a s  highly suppressed s o  t h a t  core no i se  suppression 
could be observed. 

The perceived no i se  r e s u l t s  ind ica ted  t h a t  t h e  engine n o i s e  levels were 
reduced from 2 t o  4-1/2 PNdB at  angles  of 80" through 130" by the  i n s t a l l a t i o n  
of the  SDOF w a l l  t reatment  i n  the  core  exhaust duct .  The maximum reduct ion  
of perceived n o i s e  occurred a t  90". A t  the  angle  of the  forward maximum PNL 
(70"),  t he  approach perceived no i se  of t h e  f u l l y  suppressed engine w a s  2-1/2 
PNdB lower than t h a t  of t h e  "hard core': conf igura t ion .  Addition of core  
t reatment  reduced t h e  engine n o i s e  from 2.5kHz t o  10 kHz at 70". The amount 
of no i se  reduct ion at t h i s  angle  sugges ts  core  no i se  r ad ia t ed  from the  a f t  t o  
t he  f ron t  quadrant.  The s p e c t r a l  comparison a t  120" showed t h a t  the  suppressed. 
fan levels were reduced i n  the  range of 2 kHz t o  10 kHz by t h e  core t reatment .  
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The tu rb ine  tones were suppressed approximately 6 t o  7 dB bg the core treatment. 
I n  add i t ion ,  the n o b e  levels e t W n  t R e  4 and 5 kHz bands Were s u b s t a n t i a l l y  
reduced. T t  was tRus apparent  t R a t  the m a x t m u m  level at approacA was cont ro l led  
by no i se  r ad ia t ed  through the core  exhaust duct and n o t  by fan  nolse .  

Generally a ha l f  t o  one PNdB less reduct ion was a t t a i n e d  a t  t h e  take-off 
power s e t t i n g  than a t  approach, The s p e c t r a  f o r  t h e  f r o n t  and a f t  angles  of 
maximum perceived no i se  showed t h a t  a t  70", t h e  suppressed fan spectrum w a s  
reduced from 2 t o  4-1/2 dB f o r  1/3-octave bands above 1600 Hz by t h e  add i t ion  
of t h e  core  duct t reatment .  A t  l l O o ,  t h e  hard core duct  no i se  levels were 
reduced from 3 dB t o  7 dB, t h e  amount of suppression increas ing  from 3.15 t o  
10 kHz. Both conf igura t ions  produced the  same no i se  l e v e l s  a t  the lower 
frequencies  f o r  70" and 110'. The reduct ion  of t h e  maximum a f t  quadrant no i se  
l e v e l s  due t o  the  a d d i t i o n  of t h e  core  exhaust t reatment  showed that reduct ions  
of from 2 t o  4 PNdB were ind ica t ed ,  decreasing with increas ing  power s e t t i n g .  
This t rend  r e f l e c t s  t h e  re la t ive cont r ibu t ion  of core  n o i s e  t o  t h e  o v e r a l l  
engine no i se  l e v e l s .  

The f u l l y  suppressed conf igura t ion  w a s  a l s o  modified t o  determine t h e  
acous t i c  e f f e c t s  of coplanar j e t  exhausts .  The bypass duct w a s  extended 53 
inches (134.6 cm) without any a d d i t i o n a l  acous t i c  t reatment  (Configuration 1, 
2 ,  3 ,4 ,  5 ,  6 ,  7a,  7b, 712, 7d, 9 of Figure 35).  The fan  discharge nozzle  area 
w a s  designed t o  be approximately t h e  same as t h a t  of t he  "Fully Suppressed" 
engine. In  a l l  o the r  a spec t s  the "Fully Suppressed" conf igura t ion  w a s  
unchanged. 

Comparison of t h e  200-foot (61-m) s i d e l i n e  PNL d i r e c t i v i t i e s  f o r  t h e  
coplanar and noncoplanar nozz le ,  " fu l ly  suppressed" engine conf igura t ions  
ind ica ted  very s m a l l  d i f f e rences  a t  approach. The perceived n o i s e  measured 
f o r  the  coplanar conf igura t ion  w a s  about a ha l f  t o  one PNdB higher  a t  70" and 
120". However, an observat ion can be made concerning the t u r b i n e  tones of 
these  two conf igura t ions .  The second-stage tone w a s  much sharper  and 7 dB 
higher  f o r  the conf igura t ion  with the  coplanar nozzle .  Likewise, t h e  f i r s t -  
s t age  tone w a s  a t  least 5 dB h igher  than the  f u l l y  suppressed tone which 
occurred a t  6150 Hz. However, t h e  tu rb ine  t reatment  i n  t h e  core  exhaust duct 
w a s  exac t ly  the  same f o r  these  two conf igura t ions .  The shape of t he  second 
s t a g e  tone f o r  t he  noncoplanar conf igura t ion  sugges ts  t h a t  it may have been 
modulated, d i spers ing  t h e  no i se  energy a s soc ia t ed  with t h i s  tone over  a band 
of f requencies ,  It may f u r t h e r  be specula ted  t h a t  such modulation took p l ace  
wi th in  the  mixing region of t he  two j e t s  and t h a t  t h e  c h a r a c t e r i s t i c s  of t h e  
tu rb ine  no i se  r a d i a t i o n  w e r e  a l t e r e d  when the mixing c h a r a c t e r i s t i c s  w e r e  
changed by t h e  extended fan duct.  The lack  of PNL change d e s p i t e  t h e  change 
i n  the  cha rac t e r  of t he  tu rb ine  no i se  r e su l t ed  from t h e  f a c t  t h a t  t he  1/3-octave 
band l e v e l s  of the  bands containing the  tones d id  not  change even though the  . 

narrowband tones d id  change. This sugges ts  t h a t  whatever t h e  modulation 
mechanism i s ,  it is conservat ive,  i . e .  , no change i n  energy takes  place.  

Complete information on these  acous t i c  r e s u l t s  is  given i n  Reference 29. 
Resul t s  of d e t a i l e d  engine acous t i c  i nves t iga t ions  u t i l i z i n g  i n t e r n a l  a c o u s t i c  
probes, a broadside d i r e c t i o n a l  a r r a y ,  and a n e a r f i e l d  microphone f i e l d  are 
given i n  Reference 22 (see a l s o  Sect ion V of t h i s  r e p o r t ) .  
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8. Engine C Flyover Noise Pro jec t ions  

Although Engine C w a s  not designed f o r  a c t u a l  f l i g h t  app l i ca t ion ,  an  
ind ica t ion  of t he  p o t e n t i a l  reduct ion a v a i l a b l e  from the  a p p l i c a t i o n  of 
technology evolving from t h e  program t o  a c t u a l  f l i g h t  hardware can be obtained 
by p ro jec t ing  ground s t a t i c  r e s u l t s  t o  i n - f l i g h t  condi t  . Effec t ive  
perceived noise  l e v e l s  (EPNL's) were projected f o r  landing approach and 
take-off f l i g h t  p r o f i l e s  of a r ep resen ta t ive  o lde r  four-engine a i r c r a f t  of t he  
cur ren t  c i v i l  f l e e t .  The pro jec ted  EPNL's f o r  a i r c r a f t  powered by t h r e e  b a s i c  
Engine C conf igura t ions  were compared t o  cur ren t  o lde r  a i r c r a f t  l e v e l s  and t o  
the  FAR-36 limits as shown i n  Table XIV.  

The projected Engine C f l i g h t  no i se  leve ls  f o r  t h i s  class of a i r c r a f t  
were considerably below the  l e v e l s  of cu r ren t ly  a v a i l a b l e  engines which power 
the o lder  a i r c r a f t .  The Engine C base l ine  e f f e c t i v e  perceived no i se  l e v e l s  
were 13.5 and 11.1 EPNdB less than the  JT3D l e v e l s  f o r  t h e  approach and 
take-off power s e t t i n g s ,  r e spec t ive ly .  The four-engine o l d e r - a i r c r a f t  FAR-36 
requirements w e r e  near ly  achieved with the  f a n  frame treatment a lone.  
approach l e v e l  w a s  1.8 EPNdB less than the  FAR-36 l i m i t ,  whi le  t h e  take-off 
l e v e l  exceeded the  l i m i t  by 2.4 EPNdB. The f lyover  no i se  p ro jec t ions  f o r  
Engine C u t i l i z e d  the  same " r e l a t i v e  v e l o c i t y  e f f e c t s "  co r rec t ion  as i n  t h e  
case of Engine A (see Sect ion IV.B.4 of t h i s  r e p o r t ) .  

The 

T a b l e  XIV. Noise Levels a t  FAR-36 Reference Points ,  Older A i r c r a f t  
Configuration With Engine C (Reference 23). 

1 N. Mile from Runway 

JT3D Engine (Reference 26) 118.0 EPNdB 

Quie t  Engine C with Fan 
Frame Treatment (Baseline) * 
Quiet Engine C wi th  Extended 
Fan Duct Treatment with Aft 
S p l i t t e r  * 
Quiet Engine C "Fully 
Suppressed *I1 

104.5 EPNdB 

97.4 EPNdB 

93.6 EPNdB 

N. M i l e  from Brake Release 

117.0 EPNdB 

105.9 EPNdB 

94.6 EPNdB 

I 8 7  .O EPNdB 

*Based on pro jec ted  f l i g h t  p r o f i l e s  (Reference 27) 
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The predic ted  acous t i c  performance presented i n  Table X I V  i n d i c a t e s  t h a t  
an o lder  aircraft powered by fou r  C-type engines wi th  f an  duc t  w a l l  treatment 
and a f t  s p l i t t e r  would produce no i se  reduct ions  of more than  20 EPNdB relative 
to  the o lde r  a i r c r a f t  and 8 EPNdB r e l a t i v e  t o  FAA no i se  r egu la t ions .  Fur ther ,  
the pro jec ted  noise  levels  of t h e  o l d e r  a i r c r a f t  wi th  f o u r  " fu l ly  suppressed" 
Engines C were more than  24 EPNdB below those  of t h e  e x i s t i n g  o l d e r  a i r c r a f t  
and more than 12 EPNdB below FAR-36. (Note t h a t  t h e r e  is an economic pena l ty  
a s soc ia t ed  wi th  t h e  maximum f e a s i b l e  no i se  reduct ion  which can be  s i g n i f i c a n t .  
See Reference 24, as w e l l  as Sec t ion  V I  of t h i s  r e p o r t .  

9. Engine C Aero T e s t  Resul t s  

Detailed performance da ta  were taken on Engine C wi th  a bellmouth i n l e t  
and t h r e e  fan  nozzles wi th  areas of 1385 in2  (8936 cm2) ,  1539 i n 2  (9930 cm2), 
and 1695 in2  (10,936 cm2). 
The engine test da ta  were analyzed and changes made t o  t h e  Engine C computer 
"Status Deck" so t h a t  i t  dupl ica ted  as c l o s e l y  as p o s s i b l e  t h e  measured SLS 
performance of t h e  engine. Cycle da t a  were then generated wi th  t h e  S t a t u s  
Deck t o  cover a wide range of f l i g h t  Mach numbers, a l t i t u d e s ,  and power 
s e t t i n g s .  These da t a  can be found i n  Reference 30. The engine w a s  a l s o  
t e s t ed  wi th  several combinations of s p l i t t e r s  i n  t h e  inlet and f a n  duc t  and a 
coplanar exhaust nozz le  system. 

The core  nozzle  area remained a t  850 i n 2  (5483 cm2). 

With the  nominal f a n  nozzle i n s t a l l e d ,  Engine C performance (as def ined  
by the  S ta tus  Deck) compares t o  t h e  Experimental Quiet Engine Program work 
statement as shown i n  Table XV. 

The flow-speed c h a r a c t e r i s t i c  of t h e  fan  on the engine dup l i ca t ed  t h e  
r e s u l t s  obtained i n  t h e  f a n  test f a c i l i t y .  
to  be low, w a s  compensated by t h e  hub e f f i c i e n c y  which w a s  h igher .  Ef f ic iency  
l e v e l s  i n  the bypass reached about  82%. 
d i r e c t l y  but ,  based on ins t rumenta t ion  a t  t h e  core  engine i n l e t ,  appeared t o  b e  
above 86%. 

Bypass e f f i c i ency ,  which appeared 

Hub e f f i c i e n c y  w a s  no t  measured 

The low pres su re  tu rb ine  m e t  i ts  performance requirements. A comparison 
between test da ta  and t h e  tu rb ine  des ign  po in t  follows: 

LP Turbine Engine T e s t  
Design Poin t  Data 

115.5 (155.3) 114.2 (153.5) 

Ah/ T54 , Btu/lb OR (Joules / kg°K) .0576 (241.2) ,0584 (244.5) 

'54lp56 2.88 3.05 

Eff ic iency  .903 .go1 

Stage Loading, gJAh/2UE 1.035 1.073 

Complete information on Engine C performance is given i n  Reference 30. 
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Maximum f r o n t  end no i se  suppression required t h e  des ign  of t h e  new 
contoured i n l e t  wi th  a c o u s t i c  s p l i t t e r s  i n s t a l l e d .  
a t  c r u i s e  [0.82 f l i g h t  Mach number, 35,000 f e e t  (10,668 m> a l t i t u d e ,  4900 
pounds (21,800 N) t h r u s t ]  t o  have a n  average t h r o a t  Mach number of 0.75. The 
corresponding t h r o a t  Mach number a t  takeoff w a s  0.58. 
ha l f  angle  w a s  7-1/2*, and t h e  r a t i o  of t h e  h i g h l i g h t  t o  t h r o a t  diameter 
(%/Dthroat) w a s  1.14. The four  s p l i t t e r s  w e r e  pos i t ioned  along s t r eaml ines  
i d e n t i f i e d  as t h e  0.25 f l i g h t  Mach number take-off condi t ion .  Engine t e s t i n g  
with 1, 2, and 3 s p l i t t e r s  w a s  run  wi th  a 12-inch s e c t i o n  between t h e  s p l i t t e r s  
and with t h e  f an  f a c e  removed. 
(30.48-cm) s h i f t  caused a flow r e d i s t r i b u t i o n  and a n  accompanying l o s s  i n  
engine performance. To keep f an  a u c t  p re s su re  l o s s  t o  a reasonable  l eve l  
(with a sp l i t t e r  i n  place) ,  i nc rease  t h e  e f f e c t i v e n e s s  of t h e  a c o u s t i c  treat- 
ment, and lower t h e  f a n  duc t  scrubbing noise,  new hardware w a s  procured t o  
lower the f an  duct Mach number. The co re  cowl w a s  unchanged, wi th  an area 
increase  i n  t h e  redesigned f a n  cowl. 
f o r  a 60/40 flow s p l i t  between t h e  ou te r  and inne r  flowpaths, r e spec t ive ly ,  
with a to t a l -p re s su re  loss i n  t h e  f a n  duc t  and nozz le  of approximately 1.5%. 
Total-pressure t r a v e r s e s  behind t h e  s p l i t t e r  and engine thrusr: measurements 
subs t an t i a t ed  t h e  estimated p res su re  loss. 

The i n l e t  t h r o a t  was s i zed  

The equiva len t  d i f f u s e r  

T e s t  d a t a  ind ica t ed  t h a t  t h e  r e s u l t i n g  12-inch 

The s p l i t t e r  and f a n  cowl des ign  provided 

10. Engine Testing a t  NASA 

Upon completion of aerodynamic and a c o u s t i c  t e s t i n g  a t  t h e  Peebles T e s t  
F a c i l i t y ,  t he  engines were de l ivered  to  t h e  NASA-Lewis Research Center. 
There f u r t h e r  aerodynamic and a c o u s t i c  evaluation-was c a r r i e d  ou t ,  inc luding  
the i n s t a l l a t i o n  on Engine A of a Boeing f l i gh t - type  a c o u s t i c  nacelle (sea 
References 9 and 31). These engines w i l l  be  used as r e sea rch  v e h i c l e s  i n  t h e  
NASA program aimed a t  a i r c r a f t  no i se  reduct ion .  
and f a b r i c a t e d  a d d i t i o n a l  hardware f o r  t h i s  program, inc luding  a "near-sonic" 
i n l e t  and an  advanced t r ea t ed  core  suppressor which w i l l  be  eva lua ted  on 
Q u i e t  Engine C. 

General E l e c t r i c  has designed 
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SECTTON V 

TURBTNE NOISE SWPRESSTON 

A. BASIS OF THE TURBINE NOISE SUPPRESSION PROGRAM 

Although the i n i t i a l  t h r u s t  of t he  Experimental Qu ie t  Engine Program 
w a s  d i r ec t ed  t o  the fan component as the  p r i n c i p a l  n o i s e  source f t  *as rec- 
ognized t h a t  t h e  turb ine  would become an  important n o i s e  source when f a n  n o i s e  
w a s  suppressed. Accordingly, t h e  tu rb ine  no i se  suppression program w a s  added 
t o  t h e  o v e r a l l  e f f o r t .  

The ob jec t ive  of t h e  tu rb ine  no i se  suppression program was t o  determine 
turb ine  n o i s e  c h a r a c t e r i s t i c s ,  t o  i n v e s t i g a t e  p o t e n t i a l  suppression materials, 
and t o  i d e n t i f y  the  treatment conf igura t ion  design f o r  optimum suppression of 
turbine-radiated no i se  i n  Quiet Engines A and C. The r e s u l t  of t h e  program 
w a s  t h e  measurement of t h e  reduct ion i n  engine n o i s e  r e s u l t i n g  from t h e  core 
exhaust t reatment  i n  the  two tes t  engines.  

B. ACOUSTIC TREATMENT EVALUATION 

1. T e s t  F a c i l i t i e s  

A high temperature,  rec tangular  acous t i c  duct  test f a c i l i t y  (See Refer- 
ence 22) w a s  used i n  eva lua t ing  t ransmission l o s s  c h a r a c t e r i s t i c s  f o r  var ious  
treatment conf igura t ions .  Two 18.0-inch (45.7-cm) long rec tangular  test 
sec t ions  were capable of rece iv ing  acous t i c  test panels  of 2.5-inches (6.35-cm) 
maximum depth,  A Hartmann no i se  genera tor  was  employed as a no i se  source.  
The acous t i c  impedance w a s  p red ic ted  o r  measured f o r  a l l  t reatment  configura- 
t i o n s  that were se l ec t ed  t o  be evaluated i n  the  high temperature acous t i c  duct 
test f a c i l i t y  (See Reference 22).  Impedance measurements w e r e  made using a 
high i n t e n s i t y  impedance tube f a c i l i t y .  I n  add i t ion ,  t he  e f f e c t  of high 
temperatures,  as encountered i n  the  core  nozzle  region of an engine,  on the  
dc flow r e s i s t a n c e  of a per fora ted  p l a t e  w a s  i nves t iga t ed  i n  a high tempera- 
t u r e  dc flow r e s i s t a n c e  f a c i l i t y  (see Reference 22).  

2 .  Treatment Configurations 

The t h r e e  d i f f e r e n t  types of t reatment  evaluated f o r  t u rb ine  no i se  sup- 
press ion  were designated as follows : 

0 Single-degree-of -freedom (SDOF) 

0 Multiple-degree-of -freedom (mOF) 

0 Bulk absorbers  

A single-degree-of-freedom (SDOF) l i n e r  system is  based on a simple Helmholtz 
resonator  concept with one cavi ty .  Thus, excluding wave resonance, i t  e x h i b i t s  
only one resonance o r  one tuning frequency. A multiple-degree-of-freedom (MDOF) 

87 



l i n e r  sys t em is  based on a scheme which in te rconnec ts  s eve ra l  c a v i t i e s .  Thus, 
it e x h i b i t s  s e v e r a l  resonant f requencies  which can give the  appearance of a 
wider bandwidth l i n e r  with properly chosen cav i ty  r e l a t ionsh ips  and i n t e r n a l  
r e s i s t ances .  Twenty four  SDOF systems were examined. Five MDOF systems were 
evaluated ( th ree  t r iangular -core  systems and t w o  double-sandwich systems).  
Four bulk absorber systems were evaluated f o r  comparison purposes. 

3. Acoustic Treatment C h a r a c t e r i s t i c s  

Reference 22 contains  f u l l  acous t i c  d a t a  f o r  a l l  t reatment  conf igura t ions  
evaluated. The conf igura t ions  w e r e  r a t ed  a c o u s t i c a l l y  by c a l c u l a t i n g  t h e  
p o t e n t i a l  PNL reduct ions i n  the  engine.  
applying measured duct t ransmission l o s s  values  t o  the predic ted  tu rb ine  no i se  
spec t r a .  

The requi red  s p e c t r a  were der ived by 

C.  ENGINE TREATMENT SELECTION 

1. Engine A 

The turb ine  treatment f o r  Engine A w a s  s e l ec t ed  on the  b a s i s  of pre-  
d i c t ed  acous t i c  c h a r a c t e r i s t i c s ,  manufacturing technique requirements,  
cos t ,  weight, r e l i a b i l i t y , a n d  ma in ta inab i l i t y .  
t o  t he  s e l e c t i o n  of the  double-sandwich MDOF t reatment  configurat ion.  

Resul t s  of t h i s  eva lua t ion  l e d  

2. Engine C 

The turb ine  treatment f o r  the  Engine C veh ic l e  w a s  based on an eva lua t ion  
similar t o  t h a t  made f o r  Engine A. The suppression p red ic t ions  f o r  Engine C,  
as f o r  Engine A,  were ca l cu la t ed  by applying duct t ransmission l o s s  values  t o  
the  pred ic ted  turb ine  no i se  spectrum. 

The APNL values  w e r e  ca l cu la t ed  f o r  Engine C f o r  a number of d i f f e r e n t  
treatment configurat ions.  The double sandwich gave the  optimum suppression 
(about 12  PNdB) however, the  SDOF systems were the  most favorable  from the  
view po in t  of cos t  and weight considerat ions.  Since the d i f f e rence  i n  the  
suppression between t h e  conf igura t ions  w a s  small, i t  w a s  f e l t  t h a t  a l l  of the  
configurat ions would produce near ly  the  same f a r f i e l d  suppression. Therefore,  
t h e  SDOF treatment w a s  s e l ec t ed  f o r  Engine C. 

Complete d e t a i l s  of the  core  exhaust treatment s e l e c t i o n  f o r  Engines A 
and C are given i n  Reference 22. 

D. ENGINE HARDWARE DESIGN 

1. Engine A 

The Engine A suppressed exhaust nozzle design cons is ted  of an i nne r  and 
ou te r  support  s h e l l  i n t o  which panels  were bol ted  which formed the  a c t u a l  
nozzle flowpath. Two sets of panels  were constructed.  One cons is ted  of a 
support  frame with s o l i d  face shee t s ,  which served as a hardwall  base l ine  
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nozzle .  The second set w a s  t h e  double-layer brazed honeycomb acous t i c  config- 
u ra t ion ,  "Double Sandwich IT." An Engine A exhaust nozz le  cross sec t ion  with 
the  "Double Sandwich 11" acous t i c  panels  i n  p lace ,  showing the  b a s i c  construc- 
t i o n  as w e l l  as a c o u s t i c  t reatment  l eng th ,  is shown i n  Figure 36.  

2 .  Engine C 

Two s e p a r a t e  suppressed exhaust nozzles  were constructed f o r  Engine C. 
One w a s  the hardwall  base l ine  nozz le  which cons is ted  of  an  inne r  and o u t e r  
exhaust cone. The second nozzle  was  t h e  a c o u s t i c a l l y  t r e a t e d  f l igh tweight  
vers ion  where s ing le- layer  brazed honeycomb had been s e l e c t e d  f o r  t he  treat- 
ment. Manufacture of a s ingle- layer  brazed honeycomb continuous s h e l l  w a s  
wi th in  t h e  state of t he  a r t  and, thus ,  t h i s  type of cons t ruc t ion  w a s  s e l ec t ed .  
Figure 37 shows a c ross  s e c t i o n  of the  Engine C acous t i c  nozzle  and def ines  
t reatment  length  e 

E .  ENGINE TESTING 

1. Specia l  Instrumentat ion 

I n  connection with t h e  t u r b i n e  no i se  suppression program, a d d i t i o n a l  
s p e c i a l  instrumentat ion w a s  used i n  order  t o  assess performance of t h e  s e l e c t e d  
acous t i c  t reatment  conf igura t ions ,  The s p e c i a l  instrumentat ion consis ted of 
acous t i c  probes i n  t h e  core  exhaust nozzles  of t h e  engines ,  a n e a r f i e l d  micro- 
phone f i e l d ,  and a s p e c i a l  "Direct ional  Acoustic Array." 

The d i r e c t i o n a l  acous t i c  a r r ay  cons is ted  of a r i g i d  beam containing 14 
equal ly  spaced microphones and assoc ia ted  shading and summing e l e c t r o n i c s .  
The d i r e c t i o n a l  a r r ay  i s ,  i n  essence,  a h ighly  d i r e c t i o n a l  microphone system 
encompassing a frequency range from 1.25 kHz t o  6 . 3  kHz, and a narrow beam 
width and s u f f i c i e n t  included angle  between on-axis and off-axis  lobes t o  
be a b l e  t o  sepa ra t e  c lose ly  spaced n o i s e  sources .  Thus, i t  can be used t o  
i d e n t i f y  the  source con t r ibu t ing  a t  a p a r t i c u l a r  angle ,  e .g . ,  i n l e t ,  fan  a f t ,  
core  a f t ,  casing-radiated no i se .  The a r r ay  w a s  pos i t ioned  on Engine A a t  
angles  between 50" and 130°, measured from t h e  i n l e t  a t  a nominal d i s t ance  
of 100 f e e t  (30 .5  m) from t h e  f an  r o t o r .  A t  each of t hese  pos i t i ons ,  
t h e  a r r a y  w a s  d i r ec t ed  a t  n ine  engine loca t ions  and the  output  s i g n a l  w a s  
recorded. The a r r a y  w a s  pos i t ioned  on Englne C at  similar angles  a t  a nominal 
d i s t ance  of 100 f t  ( 3 0 . 5  m) from t h e  fan  ro to r .  The a r r ay  narrowband output  
w a s  analyzed wi th  a 20 Hz bandwidth f i l t e r  over t he  frequency range of 1.25 t o  
6 . 3  kHz. Amplitudes f o r  t he  a r r ay  d i r ec t ed  a t  each engine source were tabula ted ,  
and t h e  a r r ay  c h a r a c t e r i s t i c s  w e r e  appl ied  t o  ob ta in  the  source component levels. 

S ix  n e a r f i e l d  microphones w e r e  posi t ioned nea r  Engine A on an 8-foot 
(2 .444)  s i d e l i n e .  They w e r e  placed at  t h e  he ight  of t he  engine c e n t e r l i n e  
and pointed upward (grazing inc idence) .  The n e a r f i e l d  microphones on Engine C 
w e r e  placed on a 6-foot (1.83-m) s i d e l i n e .  Near f ie ld  d a t a  from t h e  s i x  micro- 
phones w e r e  recorded simultaneously.  Resul t s  are discussed i n  Reference 22. 
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2.  T e s t  Configurations 

Eugines A and C w e r e  t e s t e d  using a nominal core  nozzle with var ious tu r -  

Engine C 
bine  t reatment  configurat ions*.  The conf igura t ions  on Engine A cons is ted  of 
the  hardwall  base l ine  and t h e  "Double Sandwich 11" resonator  system. 
t e s t i n g  involved a hardwall  base l ine ,  and a SDOF resonator  system i n  t h e  
s tandard nozzle  conf igura t ion  and i n  a coplanar nozzle  conf igura t ion .  Tests 
u t i l i z i n g  t h e  probes and t h e  d i r e c t i o n a l  acous t i c  a r r a y  were conducted a t  two 
engine speeds - approach and takeoff - 60% and 90% correc ted  f an  speed, respec- 
t i v e l y ;  whereas f a r f i e l d  and n e a r f i e l d  da t a  were recorded at a number of fan  
speeds ( see  Sect ion 1 V . B  of t h i s  r epor t  f o r  s tandard acous t i c  test r e s u l t s ,  
as w e l l  as configurat ion desc r ip t ions ) .  

3. Acoustic Resul ts  

a. "Double Sandwich 11" Treatment - Engine A 

A summary of treatment e f f e c t s  measured by th ree  methods - probe, d i rec-  
t i o n a l  array, and f a r f i e l d  microphones is  shown i n  Table X V I .  The a r r a y  
measurements on the  f u l l y  t r e a t e d  fan conf igura t ion  have shown t h a t  t he  fan  
exhaust-radiated no i se  ( t h a t  i s ,  duct no ise ,  fan  j e t ,  and core cowl scrubbing 
noise)  dominates the  s p e c t r a  and consequently prevents  the  measurements of the  
f u l l  tu rb ine  t reatment  e f f e c t  with f a r f i e l d  d a t a  a lone on a PNL bas i s .  The 
measured PNL reduct ion w a s  i n  f a c t  only 0.5 PNdB. However, the  in-duct acous t i c  
probes showed t h a t  the  "Double Sandwich 11" treatment produced maximum suppres- 
s ion  (16.4 dB PWL) at the  fourth-s tage blade-passing frequency. The d i r e c t i o n a l  
a r r a y  i n  the  f a r f i e l d  showed 12  dB fourth-s tage tone suppression a t  t h e  maximum 
a f t  PNL angle,  and the  f a r f i e l d  microphone narrowband da ta  showed suppression 
t o  be i n  excess of 10 dB a t  t h i s  tone.  The f a r f i e l d  measurements were l imi t ed  
by a fan-radiated broadband n o i s e  f loo r .  Broadband noise  reduct ion w a s  shown, 
however, t o  be present  from the  a r r ay  measurement, where 6.5 dB suppression 
w a s  observed i n  the  1/3-octave band centered on 3150 Hz. Probe broadband da ta  
were l imi t ed  by a duct no i se  f loo r .  

b .  SDOF Treatment - Engine C 

In  the  case of Engine C,  a summary of t he  tu rb ine  t reatment  suppression as 
measured by probes,  n e a r f i e l d  microphones, d i r e c t i o n a l  a r r ay ,  and f a r f i e l d  micro- 
phones is  presented i n  Table XVII .  Probe and d i r e c t i o n a l  a r r ay  d a t a  show con- 
s iderably  more suppression a t  the  f i r s t  s t a g e  blade passing frequency than at 
the  second. The second s t age  tone w a s  not de t ec t ab le  i n  any f a r f i e l d  measurement, 
inc luding  the  a r r ay ,  due t o  the  presence of a noise  "haystack" centered a t  the  
blade passing frequency. However, the  probe d a t a  showed t h a t  t he  f i r s t  s t age  
tone w a s  suppressed on the  order  of 11 dB and the  second s t a g e  tone was suppressed 
on the  order  of 7 dB. 

The d i r e c t i o n a l  a r ray  da ta  showed t h a t  t he  suppression at  the  maximum a f t  
angle  w a s  10 dB i n  both the  4.0 and 5.0 kHz 1/3-octave bands. These suppression 

* 
I n  both cases  the  fans were f u l l y  suppressed wi th  i n l e t  and exhaust s p l i t t e r s .  
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values  drop f o r  f a r f i e l d ,  n e a r f i e l d ,  and probe da ta  ( i n  t h a t  o rder )  as t h e  da t a  
reach consecutively higher  noise  f l o o r s .  Perceived noise  l e v e l  suppression at 
the  m a x i m u m  a f t  angle  w a s  4.7 PNdB. 

c. Overall Resul t s  

A study of t h e  r e s u l t s  of the  acous t i c  measurements, i n  t he  context  of t h e  
e n t i r e  tu rb ine  noise  suppression program, leads  t o  the  following observations:  

0 A methodology f o r  the  design of acous t i c  treatment and the  p red ic t ion  
of no i se  suppression w a s  developed f o r  t u rb ines ,  based on acous t i c  
duc t ,  impedance tube, and t r e a t e d  engine configurat ion test r e s u l t s .  
The design procedure as developed takes  i n t o  cons idera t ion  a series 
of configurat ions a t  temperatures and Mach numbers t y p i c a l  of the  
turb ine  region. 

0 Both me ta l l i c  and nonmetall ic suppression materials were i d e n t i f i e d  
f o r  tu rb ine  no i se  suppression appl ica t ions .  
improved suppression c a p a b i l i t i e s ,  but  t h e i r  app l i ca t ion  is l imi t ed  
due t o  i n s t a l l a t i o n  d i f f i c u l t i e s  and excessive cos t .  

Several materials o f f e r  

e Effec t s  of tu rb ine  noise  suppression cannot be f u l l y  r ea l i zed  without 
s u b s t a n t i a l  fan  discharge noise  reduct ion.  Engine C, due t o  i ts  high 
amplitude of unsuppressed tu rb ine  noise  and r e l a t i v e l y  low amplitude 
of fan no i se ,  permitted l a r g e  values of f a r f i e l d  suppression t o  be 
measured. On the  o ther  hand, Engine A t u rb ine  treatment r e su l t ed  i n  
almost neg l ig ib l e  f a r f i e l d  PNL suppression due t o  the  presence of a 
s t rong  fan discharge rad ia ted  no i se  source and r e l a t i v e l y  low ampl i -  
tude untreated turb ine  noise .  

0 The turb ine  noise  suppression values  can be measured by s e v e r a l  
techniques.  Pure tone suppression,  however, can only be accura te ly  
measured by probes wi th in  the  core  nozzle,  s ince  these  tones are 
modulated i n  the  mixing region and do not  appear as tones i n  the  near  
o r  f a r f i e l d .  Broadband suppression,  however, cannot be measured by 
t h e  probes due t o  probe s e l f  no i se  and duct flow no i se  f l o o r s .  The 
most s a t i s f a c t o r y  measurement of broadband suppression u t i l i z e s  a 
d i r e c t i o n a l  microphone system i n  the  f a r f i e l d  which e f f e c t i v e l y  
f i l t e r s  out some of the  engine broadband sources.  

0 Power l e v e l  suppression on Engine A ,  as measured by acous t i c  probes, 
w a s  seen t o  range from 6 t o  19.5 dB f o r  the  turb ine  tones.  The power 
l e v e l  suppression on Engine C w a s  seen t o  range from 7 t o  11 dB f o r  
t h e  two s t ronges t  tu rb ine  tones. 

Additional information on the  turb ine  noise  suppression program is given 
i n  Reference 2 2 .  
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SECTION VI 

F'LIGHT ENGICNE DESIGN STUDY 

A. BASIS OF THE F'LIGHT ENGINE DESIGN STUDY 

One of t h e  ob jec t ives  of t h e  Experimental Quiet Engine Program was t o  
assess t h e  impact on a i r l i n e  economics of u t i l i z i n g  t h e  technology developed 
i n  a modern f l i gh t - type  englne OR CTOL-type a i r c r a f t .  Accordingly, t h e  
f l i g h t  engine design study was conducted, and included the  following elements: 

A preliminary f l i g h t  engine design incorpora t ing  t h e  b a s i c  technology 
f e a t u r e s  of t he  Experimental q u i e t  Engine Program wi th  a modem 
core ,  The study included both a low-tip-speed (Fan A d e r i v a t i v e )  
and high-tip-speed (Fan C de r iva t ive )  engine. 

For each engine, i d e n t i f i c a t i o n  of t h e  b a s i c  c h a r a c t e r i s t i c s  including 
s i z e ,  weight, c o s t ,  n o i s e ,  and performance i n  a re ference  unt rea ted  
( i * e , ,  hardwall) n a c e l l e .  

Establishment of t h e  i n s t a l l e d  c h a r a c t e r i s t i c s  i n  a n a c e l l e  with 
varying degrees of n o i s e  suppression and eva lua t ing  t h e  e f f e c t  on 
performance, weight, c o s t ,  and noise .  

Evaluat ion of t h e  impact of the var ious  suppressed engine configura- 
t i o n s  on the  a i r c r a f t  economics of new tri-jet a i r c r a f t .  

Comparison of t h e  e f f e c t  of no i se  suppression (AEPNdB) on high and 
low speed fan engines on the  a i r c r a f t  opera t ing  c o s t s  (ADOC) f o r  
each engine. 

B ENGINE CHARACTERISTICS 

1. Low Speed Engine C h a r a c t e r i s t i c s  

a. Basic Engine 

The low speed engine w a s  derived from the Experimental Quiet Engine 
Program Fan A, adapted t o  a modern, proper ly  s i zed  core,  and s i z e d  f o r  an SLS 
take-off t h r u s t  of 22,000 l b  (97,900 N) with nominal i n s t a l l a t i o n  lo s ses .  
The primary cyc le  c h a r a c t e r i s t i c s  are tabula ted  i n  Table X V I I I .  An engine 
cyc le  r ep resen ta t ive  of CTOL app l i ca t ions  w a s  s e l e c t e d  t o  provide f o r  a mixed 
core  and fan  stream ahead of t h e  nozzle.  
r ep resen t s  t h e  v e l o c i t y  a f t e r  mixing. A sho r t  t a b u l a t i o n  of t h e  major f a n  
c h a r a c t e r i s t i c s  is contained i n  Table X I X .  Other engine c h a r a c t e r i s t i c s  are 
given i n  Reference 24.  

The je t  v e l o c i t y  shown i n  Table XVIII 
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Table XIX,  F l igh t  Engine Design Study, Design Summary 
f o r  Low Speed Fan Engine. 

Fan Aero (Cruise) 

Diameter, inches (meters) 68.7 (1.74) 

Corrected Flow, l b / s e c  (kg/sec) 933 (424) 

Pressure Rat io  1.49 

Corrected Tip  Speed, Cruise/Takeoff, f t / s e c  (m/sec) 1160/1060 (354/323) 

Corrected Flow/Annulus Area, lb / sec- f t2  (kg/sec-m2) 42.3 (207) 

The low speed engine fan app l i e s  the  measured performance c h a r a c t e r i s t i c s  
of Fan A i n  the  bypass flow. The cycle  pressure  r a t i o  w a s  set s o  as t o  assure  
a c lean i n l e t  s t a l l  margin of 1 7 % ,  which w a s  considered appropr ia te  t o  provide 
s t a l l - f r e e  operat ion i n  t h e  most severe opera t iona l  environment an t i c ipa t ed  
f o r  such an engine,  The fan rad ius  r a t i o  was  reduced from the  Fan A value of 
0.465 t o  0 . 4  i n  the  l o w  speed engine. Booster s t ages  w e r e  used t o  provide for  
t he  des i red  core supercharging pressure  r a t i o  of 2.5. Five boos te r  s t ages  
were se l ec t ed  t o  meet the  requirement of boost pressure  r a t i o  p lus  an adequate 
s t a l l  margin. k. 

The f ive-s tage,  low pressure turb ine  w a s  s e l ec t ed  t o  provide a moderately 
loaded turb ine  cons is ten t  with design e f f i c i ency  objec t ives .  

be  Nacelle Configurations 

Overall arrangement: The engine w a s  i n s t a l l e d  i n  a long-duct nace l l e  
i l l u s t r a t e d  i n  Figure 3 8 ,  The major f e a t u r e s  are: 

Mixed core and fan flows. This arrangement provides a thermodynamic 
advantage with an improved s f c  and mixes out  t he  h igher  ve loc i ty  
core  j e t  t o  reduce the  exhaust j e t  noise .  

0 Fan t h r u s t  reverser upstream of the mixing plane. Actuation of the  
fan  t h r u s t  reverser  (c los ing  off  t he  duct upstream of the  mixing 
plane) e f f e c t i v e l y  provides a l a r g e  increase  i n  the  core  nozzle  area, 
r e s u l t i n g  i n  a s p o i l i n g  of the  core t h r u s t  and e l imina t ing  need f o r  
a sepa ra t e  t h r u s t  reverser .  

The impact of incorporat ing var ious  degrees of acous t i c  treatment w a s  
inves t iga ted  by comparing t h e  following configurat ions:  
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c------- ----- 

--- --- 
a. W a l l  Treatment 

- --- - - -  - -- 
b. W a l l  Treatment Plus  One Aft S p l i t t e r  

---_ --------- 

L - - - - A -I -- 

c .  Wall Treatment Plus Three I n l e t  S p l i t t e r s  and Two Aft S p l i t t e r s  
P lus  Core Treatment 

Figure 38. F l i g h t  Engine Design Study, Low Speed Engine Treatment 
Configurations.  
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e Basic n a c e l l e  without t reatment  

e With w a l l  t reatment  only 

e With w a l l  treatment and s i n g l e  a f t  s p l i t t e r  

e With w a l l  t reatment + 3 i n l e t  spl i t ters  -+ 2 a f t  s p l i t t e r s  

Schematics of t hese  i n s t a l l a t i o n s  are shown i n  Figure 38. Configuration 38(b) 
(with s i n g l e  a f t  s p l i t t e r )  w a s  s e l ec t ed  as a base l ine  s ince  the low speed 
engine with w a l l  t reatment is  dominated by a f t  fan no i se ,  and the major impact 
on f lyover  EPNL w i l l  be r e a l i z e d  by reducing the  a f t  no i se  cons t i t uen t .  
Configuration 38(c) incorporates  massive suppression. This  arrangement 
represents  t h e  minimum no i se  l e v e l  t h a t  could be reasonably achieved with t h i s  
engine and e n t a i l s  s i g n i f i c a n t  compromise i n  the  nace l l e .  The at ta inment  of 
t h i s  mlnimum no i se  l e v e l  r equ i r e s  mul t ip le  s p l i t t e r s  i n  both t h e  i n l e t  and the  
exhaust;  t h e i r  a d d i t i o n a l  weight, cos t  of manufacture, and pressure  lo s ses  a l l  
combine t o  produce an  undesirable  nacelle r e l a t i v e  t o  cur ren t  a i r c r a f t  design 
p rac t i ce .  

Addit ional  information on the  low speed engine and i ts  n a c e l l e  configura- 
t i o n s  is p€ven i n  Reference 24. 

2. High Speed Engine Charac t e r i s t i c s  

a.  Basic Engine 

The high speed engine w a s  derived from the  Experimental Qu ie t  Engine 
Program Fan C ,  adapted t o  a modem core ,  and s i zed  f o r  an SLS take-off t h r u s t  
of 22,000 l b  (97,900 N)  with nominal i n s t a l l a t i o n  lo s ses .  The primary cycle  
c h a r a c t e r i s t i c s  are tabula ted  i n  Table XX. A n  engine cycle  r ep resen ta t ive  
of CTOL app l i ca t ions  w a s  s e l ec t ed  t o  provide f o r  a mixed core and fan stream 
ahead of t h e  nozzle .  The j e t  v e l o c i t y  shown i n  Table XX represents  t he  
ve loc i ty  a f t e r  mixing, A sho r t  t abu la t ion  of t he  major fan c h a r a c t e r i s t i c s  
is  contained i n  Table XXI .  Other engine c h a r a c t e r i s t i c s  are giaen i n  
Reference 24. 

The high speed engine fan  app l i e s  the  measured performance c h a r a c t e r i s t i c s  
of Fan C i n  t h e  bypass duct modified t o  a higher-aspect-rat io ,  tip-shrouded 
configurat ion with 46 blades.  
a near  optimum value f o r  CTOL app l i ca t ions ,  balancing t h e  i n s t a l l e d  performance 
c h a r a c t e r i s t i c s  with a low take-off j e t  no i se  l e v e l .  A clean i n l e t  s t a l l  
margin i n  excess of 17% should provide s t a l l - f r e e  operat ion i n  t h e  most severe 
opera t iona l  environment a n t i c i p a t e d  f o r  an engine of t h i s  type.  
r ad ius  r a t i o  w a s  r e t a ined ,  with booster  s t ages  added t o  provide the  des i red  
core supercharging pressure  r a t i o  of 2.5. 
t o  meet t h e  requirement of boos te r  pressure  r a t i o  p lus  an adequate s t a l l  margin. 
This s e l e c t i o n  was based on aerodynamic loadings cons i s t en t  with t h e  CF6-50 
engine booster  s tages .  

The fan pressure  r a t i o  of 1.55 w a s  s e l ec t ed  as 

The Fan C 

Three boos te r  s t a g e s  w e r e  s e l e c t e d  

A four-stage low pressure  tu rb ine  was  s e l ec t ed  t o  provide turb ine  loadings 
cons i s t en t  with design e f f i c i ency  objec t ives .  
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Table XXI. F l i g h t  Engine Design Study, Design Summary For High 
Speed Fan Engine. 

Fan Aero 

Diameter, inches (m) 

Corrected Flow, l b / s e c  (kg/sec) 

Pressure Ratio 

Corrected Tip Speed, Design/Takeof f 
f t / s e c  (m/sec) 

Corrected Flow/Annulus Area, lb/sec-f t2 
(kg/ se c-m2) 

68.3 (1.74) 

911 (414) 

1.55 

1550/ 1440 (47 2/439 ) 
Same T.O. as CF6-6 

41.8 (204) 

b . Nacelle Configurations 

Overall  arrangement: 
i l l u s t r a t e d  i n  Figure 39. 

The engine w a s  i n s t a l l e d  i n  t h e  long-duct nace l l e  
A s  i n  t h e  low speed engine, t h e  major f e a t u r e s  are: 

0 Mixed core and f an  flows 

0 Fan t h r u s t  r eve r se r  upstream of t he  mixing plane 

The impact of incorpora t ing  var ious  degrees of acous t i c  treatment 
was inves t iga ted  by comparing the  following conf igura t ions :  

0 Basic nace l l e  without  t reatment  

0 With w a l l  t reatment only 

0 With w a l l  t reatment and s i n g l e  i n l e t  and a f t  s p l i t t e r s  

0 With w a l l  t reatment + 3 i n l e t  spli t ters + 2 a f t  s p l i t t e r s  

Schematics of t hese  i n s t a l l a t i o n s  are shown i n  Figure 39. Configuration 39(b) 
(with s i n g l e  i n l e t  and a f t  s p l i t t e r s )  w a s  s e l ec t ed  as a base l ine  s i n c e  t h e  
high speed engine with w a l l  t reatment is  near ly  balanced between i n l e t  and a f t  
noise a t  takeoff and, i n  order  t o  make f u l l  impact on f lyover  EPNL, both f o r e  
and a f t  no ise  cons t i t uen t s  must be reduced. Configuration 39 CC) incorporated 
massive suppression i n  both f a n  i n l e t  and exhaust duc t s  and requi red  tu rb ine  
noise  suppression as w e l l .  This arrangement r ep resen t s  t h e  minimum n o i s e  
l e v e l  t h a t  could be reasonably achieved with t h i s  engine and e n t a i l s  s i g n i f i c a n t  
compromise i n  t h e  nace l le .  The at ta inment  of t h i s  minimum no i se  level requi res  
mul t ip le  s p l i t t e r s  i n  both t h e  inlet and the  exhaust;  t h e i r  a d d i t i o n a l  weight, 
c o s t  of manufacture, and pressure  l o s s e s  a l l  combine t o  produce so undesirable  
n a c e l l e  r e l a t i v e  t o  cu r ren t  a i r c r a f t  design p rac t i ce .  
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----- 

a .  W a l l  Treatment 

b. Wall Treatment Plus  1 I n l e t  S p l i t t e r  and 1 Aft  S p l i t t e r  

------- 
/------ 

c .  Wall Treatment Plus 3 I n l e t  S p l i t t e r s  and 2 Aft S p l i t t e r s  
Plus  Core Treatment 

Figure 39. F l i g h t  Engine Design Study, High Speed Engine Treatment 
Configurations.  
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Addit ional  information on t h e  high speed engine and i ts  nacelle configura- 
t i o n s  is  g iven  i n  Reference 24. 

C. AIRCRAFT CHARACTERISTICS 

The engine nace l l e  designs descr ibed  i n  Sec t ion  B were used for  a i r c r a f t  
a p p l i c a t i o n  s t u d i e s  of a tri-jet a i r c r a f t .  The new tri-jet aircraft w a s  
considered a d j u s t a b l e  i n  s i z e  and g ross  weight i n  o rde r  t o  main ta in  a f ixed  
payload and range f o r  each engine /nace l le  combination. 

The base l ine  aircraft  w a s  s e l e c t e d  t o  m e e t  t h e  fol lowing criteria: 

Payload, l b  (kg) 

Number of passengers 

Range, N.M. (km) 

Wing Loading, W/S, l b / f  t 

Cruise Al t i t ude ,  f t  (m) 

Cruise Mach Number 

2 
(kg/m2) 

The r e s u l t  base l ine  a i r c r a f t  c h a r a c t e r i s t i c s  were : 

Take-off Gross Weight, l b  (kg) 

OWE, l b  (kg) 

Avg. I n s t a l l e d  Cruise  Thrust/Eng, lb/eng 
(N/eng 1 

(W eng 1 
S t a t i c  Take-off Thrust/Eng, lb/eng 

Block Time,  hour 

Block Speed, N.M./hr (km/hr) 

35,400 (16,000) 

17 7 

1,850 (3,426) 

104 (510) 

30,000 (9,144) 

0.84 

200,500 (90,950) 

112,000 (50,900) 

4,560 
(20,280) 

L2,OOO 
(97 , 900) 

4.22 

438 (811) 

The DOC estimates f o r  t h i s  a i r c r a f t  were obtained using t h e  procedure 
appl ied i n  the  ATT s t u d i e s  (Reference 32) .  The s e n s i t i v i t y  f a c t o r s  f o r  t h e  
tri-jet were est imated f o r  t h e  case of a cons tan t  payload and mission. The 
base aircraft  and engines were sca l ed  f o r  changes i n  s f c  and pod weight.  
c o s t  e f f e c t s  of s c a l i n g  the  a i r c r a f t  s i z e  are included i n  t h e  overall DOC 
s e n s i t i v i t y  f a c t o r s .  
and nacelle c h a r a c t e r i s t i c s  are: 

The 

The r e s u l t a n t  s e n s i t i v i t y  f a c t o r s  f o r  t h e  major engine 
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1 % t o t a l  Asfc 

100 l b  A Pod Weight (each) 

$10,000 A Engine P r i c e  

$10,000 A Nacelle P r i c e  

I I * A% DOC a l s o  inc ludes  change i n  DOC due t o  change i n  aircraft s i ze .  

Addit ional  information on t h e  tri-jet CTOL a i r c r a f t  and i t s  economic 
f a c t o r s  is  given i n  Reference 24. 

D. FLIGHT NOISE PROJECTIONS 

1. Pred ic t ion  Procedure 

The noise  c h a r a c t e r i s t i c  produced a t  a ground measurement po in t  by an air- 
c r a f t  f lyover  along a given f l i g h t  path w a s  estimated using the  following pro- 
cedure : 

0 The engine no i se  sources w e r e  approximated by s u b s t i t u t i n g  t h e  
pred ic ted  ground s ta t ic  d a t a  a t  10" angle  increments t o  the  
engine i n l e t .  

e A t  a given i n s t a n t  i n  t i m e  the range from the  ground observer  t o  
t h e  moving a i r c r a f t  w a s  determined as a func t ion  of angle  t o  t h e  
i n l e t  axis. 

0 The engine d a t a  w e r e  i n t e r p o l a t e d  t o  match t h e  f lyover  acous t i c  
angle.  

0 Correction f a c t o r s  w e r e  appl ied  t o  the s t a t i c  d a t a  depending on 
sepa ra t ion  d i s t ance  and a i r c r a f t  ve loc i ty .  These co r rec t ion  
f a c t o r s  w e r e  (1) t he  s p h e r i c a l  divergence d i s s i p a t i o n  of sound 
energy, (2) t he  atmospheric absorp t ion  as s p e c i f i e d  i n  SAE 
Spec i f i ca t ion  ARP 866 (Reference 33) ,  and (3) a ground boundary 
a t t e n u a t i o n  as s p e c i f i e d  i n  SAE Spec i f i ca t ion  A I R  923 (Reference 
3 4 ) .  
by General Electric with the  assumption t h a t  i t  a p p l i e s  only i n  
a l a y e r  below a 100-ft (30.48-m) a l t i t u d e .  Noise t ransmission 
above a 100-ft (30.48111) a l t i t u d e  w a s  not a t t enua ted  wi th  EGA. 

The ground boundary l a y e r  o r  EGA f a c t o r  w a s  f u r t h e r  modified 

e The j e t  no i se  w a s  modified t o  account f o r  t h e  e f f e c t  of t h e  
motion of the  a i r c r a f t  (relative v e l o c i t y  e f f e c t ) .  

e Frequency w a s  s h i f t e d  t o  account f o r  t he  Doppler e f f e c t .  
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A computer program w a s  prepared t o  perform the flyover calculations. The 
program solves the complex geometry of an a i r c r a f t  traversing a selected path 
with varying engine angles and frequencies and r e su l t s  i n  a f l i g h t  noise spectrum. 
This spectrum w a s  then projected over the appropriate acoustic 
necessary corrections fo r  preparation of a spectrum a t  the gro 
From t h i s  predicted spectrum PNL and PNLT values were calculated. This informa- 
t ion  w a s  then used t o  calculate  an EPNL value fo r  the flyover event as specified 
i n  FAR-36. 
i n  t h i s  study. 

However, the 90 EPNdB f loor  of the current regulation w a s  not used 

2. Results of Flight Noise Projections 

Table X X I I  shows the r e s u l t s  of the f l i g h t  noise projections. The take-off 
a l t i t u d e  of t h i s  tri-jet w a s  1600 f t  (488 m) and the approach power se t t i ng  w a s  
34%. Complete a i r c r a f t  f l i gh t  path data are given i n  Reference 2 4 .  

A s  tan be seen i n  Table XXII. both high and low fan speed engines m e t  the 
FAR-36 requirements i n  a treated-wall nacel le  configuration, and were s igni f icant ly  
below the FAR-36 requirements i n  the "fullY-suPPressed" nacelle 

Table XXII. Fl ight  Engine Design Study, Predicted EPNL 
Relative to  FAR-36 for  T r i - J e t  CTOL Transport. 

(FAR-36 Take-off and Approach Cert i f icat ion Conditions) 

Nacelle Configuration 

Hardwall 

Treated Wall 

Treated Wall 
I +  1 Inle t  S p l i t t e r  
+ 1 Aft S p l i t t e r  

Treated Wall 
+ 1 Aft S p l i t t e r  

Treated Wall 
+ 3 In l e t  S p l i t t e r s  
I +  2 Aft S p l i t t e r s  

~ FAR-36 
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Figure 40. EPNL/DOC Relationship (Takeoff, No Cut- 
Back, Untraded) for Flight Engine Design 
Study Engines. 
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E. ACOUSTICS/ECONOMICS TRADEOFFS 

Using t h e  acous t ic . technology from t h e  Experimental Quiet Engine Program 
i n  the prel iminary f l i g h t  engine designs and i n  t h e  a c o u s t i c a l l y  t r e a t e d  n a c e l l e s  
i n  a t y p i c a l  CTOL tri-jet t r a n s p o r t  r e s u l t e d  i n  pro jec ted  n o i s e  levels w e l l  
below FAR-36 requirements. The EPNL/DOC r e l a t i o n s h i p  determined i n  t h e  prel imi-  
nary f l i g h t  engine design study is  shown i n  Figure 40.  The economic penal ty  
assoc ia ted  wi th  t h e  maximum f e a s i b l e  no i se  reduct ion  (E u l l y  suppressed nacelles) 
is s i g n i f i c a n t .  Using t h e  low speed engine i n  a treated-wall  nacelle as t h e  
base (present  technology) t h e  d i f f e r e n t i a l  e f f e c t s  on t h e  Direct Operating 
Cost (DOC) of a t y p i c a l  tri-jet CTOL t r a n s p o r t  were estimated f o r  t h e  var ious  
engine /nace l le  conf igura t ions ,  as follows: 

DOC Comparison, Tri-Jet CTOL Transport [200,500 l b  (90,950 kg) TOGW] 

Considering both no i se  and DOC e f f e c t s ,  a t  f u l l  power take-off no i se  leve ls  
between FAR-36 and FAR-36 minus 5 EPNdB, wi th  a t y p i c a l  tri-jet CTOL t r anspor t ,  
a high speed engine i n  a t r e a t e d  w a l l  n a c e l l e  appears t o  be  t h e  most economically 
attractive. As can be seen  on Figure 40, t h e  h igh  speed engine y i e l d s  a g r e a t e r  
no ise  reduct ion  than  t h e  low speed engine f o r  similar n a c e l l e  no i se  reduct ion  
f ea tu res .  For s i g n i f i c a n t  no i se  reduct ions  below about  FAR-36 minus 9 EPNdB, 
the cost  i nc reases  f o r  both low and high speed engines. For n o i s e  levels below 
approximately FAR-36 minus 5 EPNdB t o  FAR-36 minus 7 EPNdB, t h e  lower source 
noise  of the  low speed engine begins t o  dominate, and (on a DOC b a s i s ) ,  appears 
mare economically attractive. 
t h e  prel iminary f l i g h t  engine des ign  study and f u t u r e  developments may change 
t h e  above r e l a t ionsh ips .  

Technology being developed s i n c e  t h e  conduct of 

Addit ional  information on the  f l i g h t  engine design s tudy  is given i n  
Reference 24. 
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SECTION VI1 

SUMMARY OF RESULTS 

A. ENGINE AND COMPONENT DESIGN 

The NASA/General Electric Experimental Quiet Engine Progiam was initiated 
in July, 1969 with the objective of developing engine noise reduction tech- 
nology and demonstrating in engine tests the integrated impact of this tech- 
nology on reduction of engine noise. A further objective was to determine 
the impact on airplane economics resulting from the noise control measures 
required. 

The salient results of the Phase I engine and component design effort 
were as follows: 

0 The design of three full-scale fans, each containing low noise design 
features and spanning a range of tip speed and aerodynamic loading 
of interest. 

0 The design of three turbofan engines, based on the three fan designs, 
the TF39/CF6 core, and selected low pressure turbines. 

0 Selection of inlets for testing, including standard bellmouths, as 
well as flight-type inlets (thick-lip and thin-lip types). The inlet 
and exhaust systems were designed to be representative of typical 
aircraft applications. 

B. FUIiL-SCALE FAN TESTING AND EVALUATION 

The three full-scale fan designs were tested aerodynamically as fans alone 
over the operating range of speed, flow, and pressure ratio with both smooth 
and distorted inlet flow conditions. Measured levels of weight flow, adiabatic 
efficiency, and operating margin demonstrated that the fans were satisfactory 
for use in the overall program. 

The three fans were tested acoustically at NASA as fans alone, furnishing 
acoustic comparisons between Fans A and B which were used in the selection of 
Engine A as the lower fan tip speed engine. Early information on the acoustic 
characteristics of Fan C was provided and used in the design of Engine C acoustic 
treatment. 
test results to aid in evaluation of the contribution of the fan component to 
the overall engine noise levels. 

The acoustic characteristics of Fans A and C were compared to engine 

C. HALF-SCALE FAN TESTING AND EVALUATION 

The salient results of the program of testing Half-Scale Fans B and C 
were as follows: 
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0 Investigations with circumferentially leaned outlet guide vanes 
showed that lean can be used to reduce the noise of low tip speed 
fans, but that the situation is unclear in the case of high tip 
speed fans. 

0 The nacelle treatment investigations with the high speed fan showed 
that with full nacelle treatment, the inlet suppression is more 
effective at takeoff than at approach, while the converse is true 
for the aft duct treatment. 

e Investigations of rotor blade modifications of the high speed fan 
showed that a change in the basic airfoil design criteria can act 
to reduce multiple pure tone (MPT) noise in fans with supersonic 
blade relative Mach numbers. 
ing MPT's must acknowledge the possibility that the blade passing 
frequency noise will increase. 

Future design changes aimed at reduc- 

e The inlet suppression investigations with the high speed fan showed 
that multiple acoustically treated splitters and a high average inlet 
throat Mach number result in appreciable take-off noise reduction, 
although inlet recovery is penalized. Reduction of the number of 
splitters in this case slightly improves both acoustic and aero- 
dynamic performance. The best ratio of recovery l o s s  to Perceived 
Noise Level (PNL) reduction was shown by a high-Mach-number inlet 
with an acoustically treated cowl without splitters. Noticeable 
flow acceleration effects on noise start to appear at Mach numbers 
- > 0.65. 

D. ENGINE TESTING AND EVALUATION 

Engine testing was conducted on a low-fan-speed engine (A) and a high-fan- 
speed engine (C). In the case of Engine A, the following features were in- 
vestigated: fan frame acoustic treatment, core engine exhaust treatment, en- 
gine inlet designs, duct splitter treatment, engine casing wrapping, and engine 
operating line (various exhaust nozzle sizes). 
Engine A acoustic testing were as follows: 

The salient results of the 

m At low power settings, overall engine noise levels could be reduced 
by moving to lower operating lines. 

0 The bellmouth inlet produced lower noise levels than either of the 
flight inlets tested. The thick-lip flight inlet was quieter than 
the thin-lip, blow-in-door inlet operating with doors fixed open. 

0 Engine casing noise radiation was insignificant. 

Based on the projection of Engine A static acoustic test results to in- 
flight conditions, the predicted noise levels of representative older four- 
engine aircraft powered by four A-type engines with duct wall treatment showed 
noise reductions of more than 20 effective perceived noise decibels (EPNdB) 
relative to current older aircraft and 8 EPNdB relative to FAF+36*. 
the Engine-A-powered aircraft in the "fully-suppressed'' configuration showed 
projected noise levels which were more than 25 EPNdB below those of the 
current older aircraft and more than 13 EPNdB below FAR-36. 

*Federal Aviation Regulations, Part 36, December, 1969. 
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Aerodynamic performance testing of Engine A showed that the engine had 
satisfactory aero/thermodynamic performance. General agreement was found 
between full-scale engine performance and full-scale fan performance from 
the component test results. Satisfactory engine operation was demonstrated 
with both thick-lip and thin-lip (blow-in-door) flight inlets. 

In the case of Engine 6, the following features were investigated: fan 
frame acoustic treatment, treated inlet designs, duct splitter treatment, 
core engine exhaust treatment, coplanar exhaust nozzles, and engine operating 
line (various exhaust nozzle sizes). The salient results of the Engine C 
scoustic testing were as follows: 

Noise levels similar to those attained with suppressed, lower-tip- 
speed fan engines can be achieved with suppressed, higher-tip-speed 
fan engines. 

Multiple pure tone (MPT) noise can be effectively suppressed (although 
not completely eliminated). 

Fan exhaust noise was suppressed to the extent that turbine/core- 
related noise controlled the aft noise levels at approach power 
setting e 

The relative axial positions of the fan and core jet exhaust planes 
can significantly influence the characteristics of the low pressure 
turbine blade passing frequency tones which are radiated to the far 
field 

Based on the projection of Engine C static acoustic test results to in- 
flight conditions, the predicted noise levels of representative older four- 
engine aircraft powered by four C-type engines with duct wall treatment showed 
noise reductions of more than 20 effective perceived noise decibels (EPNdB) 
relative to current older aircraft and 8 EPNdB relative to FAR-36. Further, 
the Engine-C-powered aircraft in the "fully-suppressed" configuration showed 
projected noise levels which were more than 24 EPNdB below those of the 
current older aircraft and more than 12 EPNdB below FAR-36. 

Aerodynamic performance testing of Engine C showed that the engine had 
satisfactory aero-thermodynamic performance. General agreement was found 
between full-scale engine performance and full-scale fan performance from 
the component test results. 

E. TURBINE NOISE SUPPRESSION PROGRAM 

In the turbine noise suppression program, high temperature acoustic 
treatment was developed for the core engine exhaust of Engines A and C. 
Special tests were performed on both engines to evaluate suppression of the 
low pressure turbine blade passing frequency tones and broadband noise. 
salient results of this investigation were as follows: 

The 
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0 A methodology for acoustic treatment design and noise suppression 
prediction was developed for turbines. 

i Metallic and other treatment materials were identified for potential 
use in core exhaust suppression. 

0 Turbine noise suppression can be measured by several techniques, the 
most satisfactory being core nozzle probes for tone noise, and a 
directional farfield microphone system for broadband noise. 

F. E'LIGHT ENGINE DESIGN STUDY 

Two preliminary flight engine designs were made, incorporating the basic 
noise reduction and aerodynamic features of Fans A and C, as well as a modern 
core engine sized to produce 22,000 lb (97,900 N) sea level static thrust. 
The size, weight, cost, noise, and performance characteristics for the two 
engines were evaluated as applied to a modern Conventional Take-off and 
Landing (CTOL) tri-jet having 200,500 lb (90,950 kg) take-off gross weight, in 
order to determine the economic impact (in terms of direct operating cost) of 
engines designed with high- or low-tip-speed fans and with varying amounts of 
noise suppression. 

The salient results of this program were as follows: 

Aircraft powered by both high- and low-fan-speed flight engines met 
FAR-36 requirements in treated-wall nacelle configurations, and were 
significantly below FAR-36 with "fully-suppressed'' nacelles. 

The economic penalties associated with the maximum feasible noise 
reductions ("fully-suppressed" nacelles) were Significant. 

Considering both noise and economic effects at full-power take-off 
noise levels between FAR-36 and FAR-36 minus 5 EPNdB, high-speed-fan 
engines in treated wall nacelles appeared to be the most economically 
at tractive. 

The high-speed-fan engine showed greater noise reductions than the 
low-speed-fan engine for similar nacelle noise reduetion features. 

For significant noise reductions below about FAR-36 minus 5 EPNdB, 
the cost increased for both low- and high-fan-speed engines. For 
noise levels below approximately FAR-36 minus 5 EPNdB to FAR-36 
minus 7 EPNdB, the lower source noise of the low-fan-speed engine 
begins to dominate, and the low-fan-speed engine appeared more 
economically attractive. 
duct of the preliminary flight engine design study and future develop- 
ments may change the above relationships. 

Technology being 'developed since the con- 

112 



APPENDIX - LIST OF SYMBOLS 

I. Symbol 

A 

CTOL 

D 

DOC 

EPNL 

F 

FAR 

FOD 

g 

H, h 

h 

HP 

J 

LP 

M 

MDOF 

M??T 

N 

N .  

O.B. 

OGV 

OWE 

Definition 

Area 

Centerline (mechanical) 

Units 

in.2, ft2 (cm2, m2) 

--- 
Conventional Takeoff and Landing -e- 

Diameter in. (cm) 

Direct Operating Cost $ /hr 

Effective Perceived Noise Level EPNdB 

Thrust (as in Fn) 

Federal Aviation Regulations --- 
lb (N) 

Foreign Ob j ec t Damage 

Acceleration of Gravity 

Height 

Enthalpy 

in. (cm) 

Btu/lb (Joules/kg) 

High Pressure (as in HP Turbine) --- 
1 f t Ib/Btu (joules 

m N  
Mechanical Equivalent of Heat 

Low Pressure (as in LP Turbine) I- 

Mach Number -_- 
Multiple Degree of Freedom (acoustic 
treatment design) --- 
Multiple Pure Tone (Acoustic-Series of 
Per-Rev Pure Tones --- 
Number (as in Nv, number of vanes) --- 
Rotational Speed 

Octave Band (acoustic) 

Outlet Guide Vane 

Operating Weight, Empty 
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Symbol 

P. 

PNL 

P.S. 

PWL 

R-THETA 

S 

SDOF 

sf c 

SLS 

SPL 

T 

T/O 

U 

V 

W 

W 
. 

z 

A 

6 

APPENDIX - LIST OF SYMBOLS (Cont'd) 

Definition 

Pressure 

Perceived Noise Level 

Power Setting 

Power Level (Acoustic) 

Circumferential Distance Coordinate 
of Blade Design 

Wing Surface Area 

Single Degree of Freedom (acoustic 
treatment design) 

Specific Fuel Consumption (fuel flow 
per unit thrust) 

Sea Level Static - Sea Level Altitude, 
Zero Mach Number 

Sound Pressure Level (acoustic) 

Temper at ur e 

Takeoff 

Velocity (rotating machinery design) 

Veloci'ty (aircraft, etc.) 

Weight Flow (aerodynamic) 

Weight (aircraft design) 

Axial Distance Coordinate of 
Blade Design 

Delta - Difference, Increment 
Corrected Pressure: P/Pref where 
Prei = IS0 standard sea level pressure 

Units 

lb/in.2 (N/m2) 

PNdB 

percent thrust 

dB re lO-l3 watts 

in. (cm) 

ft2 (m2) 

hr'l 

--- 
dB re 0.0002 d/cm2 

OF, OR (" C, K) 

--- 

ft/sec (m/sec) 

f t /sec (m/sec) 

lb/sec (Kg/sec) 

1b/ (Kg) 

in. (cm) 

(same as basic unit) 

rl 
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APPENDIX - LIST OF SYMBOLS (Concl d) 

Symbol Def in i t ion  Units  

Recovery, as i n  TIr --- 
r\ 

8 Corrected Temperature; T/Tref  where 
Tref = IS0  standard sea level temperature I- 

11. Subscripts  Def in i t ion  

Ad Adiabatic,  as i n  TIM 

B Blade, as i n  NB (number of blades)  

f Fan, as i n  Nf ( fan speed) 

m Highlight,  as i n  DHL 

Max. 

Min . 
n 

P 

r 

T 

Maximum 

Minimum 

N e t ,  as i n  Fn (net  t h rus t )  

P i t c h l i n e ,  as i n  Up ( p i t c h l i n e  ve loc i ty  of blade) 

I n l e t  ram pressure  recovery, as i n  Ilr 

Tota l  (pressure) ,  as i n  PT 

TH Throat 

V Vane, as i n  Nv (number of vanes) 

111. Engine S ta t ion  Location 

2 Fan I n l e t  

2c Core I n l e t  

23 Fan Outlet  (bypass region) 

24 Fan Outlet (core region) 

3.9 Combustor Outlet 

4 High Pressure Turbine I n l e t  

54 Low Pressure Turbine I n l e t  

56 Low Pressure Turbine Out le t  
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